>1l0-fll87  504  RESEARCH  AND  OEVELOPHENT  OF  SURFACE  SKINNING  BULK  NAVE  l/h 
DEVICES  FOR  SENSOR  <U)  UNITED  TECHNOLOGIES  RESEARCH 
CENTER  EAST  HARTFORD  CT  D  E  CULLEN  AUG  87 
UNCLASSIFIED  UTRC/'R87-927145  AF0Sfi-RR-87-144S  F/G  1777  NL 


one  Fii-t  coey 


*FOSR  Tfc.  8  7-  1  445 


RESEARCH  AND  DEVELOPMENT  OF 
SURFACE  SKIMMING  BULK  WAVE 
DEVICES  FOR  SENSOR  APPLICATIONS 


D.E.  Cullen 


Report  No.  87-927145 


Final  Report  Period  Covered: 
April  1,  1985  —  June  30,  1987 


.  T,-  .  .■  -  .i.i-olUUV- 


Air  Force  Office  of  Scientific  Research 
Bolling  AFB,  D.C.  20332 
Contract  No.  F49620-85-C-0061 


S 


DTIC 

lELECTEI 


OCT  a  71987 


D 


Tkte  dpi?(ua«Bl 
for  pakllc 
dtaBlbnfloa  M 


UNCLASSIFIED 


urity  classification  of  this  page 


REPORT  DOCUMENTATION  PAGE 


la.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION  /  DOWNGRADING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


1b  RESTRICTIVE  MARKINGS 


3  DISTRIBUTION /availability  OF  REPORT 


R87-927145 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

United  Technologies  Research 

Center 


6c  ADDRESS  (Oty,  State,  and  ZIP  Code) 
East  Hartford,  CT  06108 


Unlimited 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

AFOkK-TK-  8  7  -  1  445 


6b  OFFICE  SYMBOL  7a  NAME  OF  MONITORING  ORGANIZATION 
(If  eppliceble)  . 

Air  Force  Office  of  Scientific  Research 


7b  ADDRESS  (Oty,  State,  end  ZIP  Code)  G 

Bolling  Air  Force  Base,  Washington,  D.C. 

20332 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

F49620-85-C-0061 


10  SOURCE  OF  FUNDING  NUMBERS 


Sa.  NAME  OF  FUNDING /SPONSORING 
.  ORGANIZATION  .  . 

ir  ^^orce  Office  of  Scientific 
•  Research 


8c  ADDRESS  (Oty,  State,  and  ZIP  Code)  k  \ 

Bolling  Air  Force  Base  .  ^/</<^ — 
Washington,  D.C.  20332 


11  title  (Include  Security  Classification) 

Research  and  Development  of  Surface  Skimming  Bulk  Wave  Devices  for  Sensor  Applications 


12.  PERSONAL  AUTHOR<S) 
Donald  E.  Cullen 


13a.  TYPE  OF  REPORT  13b.  TIME  COVERED  Jl 4.  DATE  OF  REPORT  (Year,  Month,  Day)  I1S.  PA 

Final  Technical  Report  from85/4/1  to  87/6/3C(  1987  August  ] 


16.  SUPPLEMENTARY  NOTATION 


17  COSATI  COOES 


FIELD  GROUP  I  SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


19.  ABSTRACT  (Continue  on  reverse  if  necessa^  and  identify  by  block  number) 

The  application  of  surface  skimming  bulk  wave  (SSBW)  technology  to  sensors,  and  to  an  accel¬ 
erometer  in  particular,  was  investigated  through  further  studies  of  the  properties  of  the 
SSBW  mode,  and  through  the  design,  fabrication,  and  evaluation  of  a  laboratory  SSBW  canti¬ 
lever  beam  accelerometer.  The  long-term  stability  of  the  SSBW  mode  for  devices  immersed  in 
a  damping  fluid  was  shown  to  be  equal  to  the  stability  of  vacuum  sealed  devices  ('~5ppm/year  J . 
The  relevant  properties  of  the  dual  delay  line  configuration  (SSBW  devices  on  both  sides  of  a 
single  substrate)  were  investigated.  The  damping  of  mechanical  vibrations  in  a  cantilever 
quartz  beam  was  studied,  establishing  the  fact  that  critical  damping  of  the  beam  can  be 
achieved  without  difficulty.  Evaluation  of  SSBW  accelerometer  models  showed  that  the  accel¬ 
eration  sensitivity  of  these  devices  can  be  accurately  predicted  from  theory,  and  that  fluid 
damping  can  reduce  the  vibration  sensitivity  of  the  SSBW  oscillator  to  less  than  5xl0-8/G. 

The  results  of  this  study  indicate  that  a  practical  milli-G  range  SSBW  accelerometer  can  be 


20.  DISTRIBUTION /AVAILABILITY  OF 
CQ  UNCLASSIFIED/UNLIMITED 


21  ABSTRACT  SECURITY  CLASSIFICATION 
Unclassified 


DO  F0^1473,S4Mar 


S3  APR  edition  may  be  used  until  exhausted 
All  other  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 
Unclassified 


R87-927145 


ABSTRACT 


The  application  of  surface  skimming  bulk  wave  (SSBW)  technology  to  sensors, 
and  to  an  accelerometer  in  particular,  was  investigated  through  further  studies 
of  the  properties  of  the  SSBW  mode,  and  through  the  design,  fabrication,  and 
evaluation  of  a  laboratory  SSBW  cantilever  beam  accelerometer.  The  long-term 
stability  of  the  SSBW  mode  for  devices  immersed  in  a  damping  fluid  was  shown  to 
be  equal  to  the  stability  of  vacuum  sealed  devices  (~  5  ppm/year).  The  relevant 
properties  of  the  dual  delay  line  configuration  (SSBW  devices  on  both  sides  of  a 
single  substrate)  were  investigated.  The  damping  of  mechanical  vibrations  in  a 
cantilever  quartz  beam  was  studied,  establishing  the  fact  that  critical  damping 
of  the  beam  can  be  achieved  without  difficulty.  Evaluation  of  SSBW  accelerometer 
models  showed  that  the  acceleration  sensitivity  of  these  devices  can  be  accurate¬ 
ly  predicted  from  theory,  and  that  fluid  damping  can  reduce  the  vibration  sensi¬ 
tivity  of  the  SSBW  oscillator  to  less  than  5  x  1<^®/G.  The  results  of  this 
study  indicate  that  a  practical  milli-G  range  SSBW  accelerometer  can  be  devel¬ 
oped.  "-Y 
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1.0  IRTRODDCTIOII 


1.1  Prograa  Scope  and  Objectives 

This  research  and  development  program  conducted  by  the  United  Technologies 
Research  Center  (UTRC)  was  directed  toward  the  continued  investigation  of  surface 
skimming  bulk  wave  (SSBW)  device  technology  for  sensor  applications.  The  program 
was  a  logical  continuation  of  the  work  performed  by  UTRC  under  AFOSR  Contracts 
F49620-82-C-0074  and  F49620-84-C-0006  in  which  the  properties  of  several  acoustic 
modes  were  examined  in  an  effort  to  find  one  suitable  for  sensor  applications. 
This  prior  work  resulted  in  the  identification  of  a  very  promising  candidate, 
namely  the  SSBW  mode  in  BT-cut  quartz.  With  both  high  strain  sensitivity  and  low 
temperature  sensitivity,  this  acoustic  mode  has  the  basic  properties  necessary 
for  acoustic  sensor  development.  The  principal  objectives  in  this  program  were: 

(1)  to  determine  the  long  term  stability  of  SSBW  devices  in  a  sensor  environment, 

(2)  to  examine  the  dual  oscillator  configuration  and  the  mechanical  characteris¬ 
tics  of  cantilever  beam  SSBW  devices,  and  (3)  to  demonstrate  that  a  low-cost  SSBW 
accelerometer  could  be  developed  using  acoustic  wave  technology. 


1 . 2  Background 

Surface  acoustic  wave  (SAW)  devices,  and  devices  based  upon  similar  surface- 
oriented  acoustic  wave  modes  such  as  the  SSBW  mode,  are  finding  ever  increasing 
applications  as  delay  lines,  filters,  oscillator  frequency  control  elements,  and 
as  signal  processing  elements.  The  surface  nature  of  these  waves  allows  the 
control  of  propagation  characteristics,  as  well  as  the  excitation  and  detection 
of  the  waves  through  metallic  electrode  patterns  on  the  surface  of  the  substrate. 
The  small  size  and  weight,  and  the  design  precision  of  these  devices  has  led  to 
their  preferred  use  in  numerous  systems  applications. 

These  waves  are  also  sensitive  to  external  perturbations  of  the  propagation 
media  through  the  effect  of  stresses  or  surface  ambient  conditions  upon  the 
acoustic  wave  velocity.  This  effect  can  be  used  to  develop  devices  which  are 
sensitive  to  temperature  and  stress  or  to  other  external  conditions  which  induce 
stress  or  temperature  changes  in  the  substrate.  In  the  present  program,  acceler¬ 
ation  induced  stresses  in  the  acoustic  substrate  are  exploited  in  the  design  of 
an  acoustic  accelerometer. 

The  initial  contract  in  this  series.  Contract  No.  F49620-82-C-0074,  was 
designed  to  explore  the  properties  of  known  surface-like  acoustic  modes  and  to 
find  and  study  new  modes  in  an  effort  to  identify  those  with  properties  suitable 
for  acoustic  sensor  development.  Acoustic  modes  with  high  strain  sensitivity, 
low  temperature  sensitivity,  and  low  sensitivity  to  surface  contamination  were 
sought.  The  results  of  this  work  were  reported  in  technical  presentations  at  the 
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1982  and  1983  IEEE  Ultrasonics  Symposiums  (Refs.  1  and  2),  in  a  paper  titled 
"Surface  and  Interface  Waves  in  Si02/YX-LiNb03"  (Ref.  3),  and  in  the  contract 
final  report  (Ref.  4).  The  principal  result  of  that  program  was  that  the  SSBW 
mode  in  quartz  was  identified  as  having  outstanding  potential  for  acoustic  sensor 
development . 

In  a  follow-on  progam.  Contract  No.  F49620-84-C-0006 ,  the  properties  of 
SSBW's  in  quartz  were  examined  and  a  simple  cantilever  beam  SSBW  accelerometer 
was  built  and  tested.  The  sensitivity  of  SSBW's  to  substrate  strain  was  measured 
for  the  2  orientations  of  quartz  with  zero  first  order  temperature  coefficients 
(BT-cut  and  AT-cut  quartz).  The  results  showed  that,  despite  the  higher  acoustic 
losses  in  the  BT-cut,  it  was  the  preferred  orientation  because  of:  1)  a  signifi¬ 
cantly  higher  strain  sensitivity,  and  2)  a  lower  second  order  temperature  sensi¬ 
tivity.  Testing  of  the  laboratory  accelerometer  model  indicated  that  a  milli-G 
SSBW  accelerometer  was  a  very  realistic  objective  for  further  development.  The 
results  of  this  program  were  presented  at  the  1984  IEEE  Ultrasonics  Symposium 
(Ref.  5)  and  in  the  program  final  report  (Ref.  6). 

1.3  Description  of  Program  Tasks 

This  continuation  of  UTRC's  acoustic  sensor  program  was  directed  toward  the 
further  understanding  of  SSBW  devices  and  the  properties  of  SSBW's  that  are 
essential  to  the  development  of  acoustic  sensors.  The  program  was  divided  into 
four  tasks  as  follows. 

Task  1  -  Investigation  of  the  Daal  SSBW  Oscillator  Configuration 

The  proposed  SSBW  accelerometer  will  employ  a  dual  oscillator  configuration 
which,  for  SAW  devices  on  a  circular  diaphragm,  has  been  shown  to  double  the 
strain  sensitivity  while  reducing  the  temperature  sensitivity  by  at  least  two 
orders  of  magnitude.  To  be  resolved  for  SSBW  devices  were  such  issues  as  how 
closely  the  SSBW  delay  lines  can  be  positioned  without  frequency  locking  and 
whether  they  can  be  placed  on  opposite  sides  of  the  cantilever  beam  substrate 
without  deleterious  effects.  Techniques  were  developed  for  fabricating  SSBW 
delay  lines  on  opposite  sides  of  the  same  substrate,  and  experiments  were 
conducted  to  establish  an  optimum  sensoconf iguration. 

Task  11  -  SSBW  Oscillator  Ageing  Study 

The  long  term  stability,  or  ageing,  of  SSBW  oscillators  is  a  very  important 
consideration  in  the  development  of  sensors  based  upon  SSBW  technology.  There¬ 
fore,  in  order  to  determine  the  ageing  characteristics  of  SSBW  devices,  a  statis¬ 
tically  meaningful  number  OlO)  of  SSBW  delay  lines  were  fabricated,  packaged, 
mounted  into  stable  oscillator  circuits,  and  monitored  under  carefully  controlled 
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conditions  for  a  period  of  one  year.  These  devices  were  fabricated  using  proce¬ 
dures  known  to  yield  the  lowest  ageing  SAW  devices  and  packaged  using  ultra¬ 
clean,  high  vacuum  cold-weld  packaging  techniques.  Since  the  proposed  SSBW 
sensor  is  to  be  fluid  damped,  the  ageing  of  devices  immersed  in  silicone  oil  was 
examined  by  monitoring  the  variation  with  time  of  a  second  group  of  SSBW  oscilla¬ 
tors  prepared  in  the  same  way  as  the  vacuum  sealed  devices  but  packaged  so  that 
they  can  be  immersed  in  oil  for  the  duration  of  the  one  year  ageing  study. 

Task  III  -  Investigation  of  the  Mechenicel  Characteristics  of  Damped 
Cantilever  Qaarts  Beams 

A  cantilever  beam  SSBW  accelerometer  must  be  fluid  damped  in  order  to 
achieve  high  acceleration  sensitivity.  The  degree  of  damping  that  can  be 
achieved  with  nonconducting  fluids  suitable  for  the  intended  application  was 
examined.  The  influence  of  a  fluid  flow  restriction  in  the  cavity  on  the  vibra¬ 
tion  response  spectrum  was  also  examined.  The  goal  of  Task  III  was  to  determine 
the  fluid  and  package  design  combination  that  provides  the  best  vibration 
response  spectrum  consistent  with  high  acceleration  sensitivity. 

Task  IV  -  Laboratory  Prototype  SSBW  Accelerometer 

Laboratory  prototypes  of  dual  SSBW  oscillator  accelerometers  were  designed, 
fabricated  and  evaluated.  In  order  to  evaluate  the  potential  of  such  sensors  for 
further  development,  the  results  of  the  above  three  tasks  were  used  to  design  and 
build  fluid  damped,  cantilever  beam,  dual  SSBW  oscillator  accelerometer  proto¬ 
types.  These  devices  were  expected  to  have  a  high  degree  of  built-in  temperature 
compensation,  so  that  milli-G  range  acceleration  sensitivity  could  be  achieved 
without  precise  temperature  control.  Acceleration  sensitivity,  temperature 
sensitivity,  and  the  vibration  response  spectrum  were  measured  on  four  prototype 
devices. 


1.4  Saanury  of  Report 

The  remainder  of  this  report  is  organized  as  follows.  Section  2  will 
describe  the  investigation  of  the  dual  delay  line  configuration,  including  the 
very  important  topic  of  temperature  compensation  and  the  potential  for  increasing 
the  level  of  temperature  compensation  beyond  that  of  the  BT-cut  quartz  substrate 
alone.  Section  3  presents  the  results  of  the  fluid  damping  experiments  wherein  it 
was  learned  that  critical  damping  can  be  achieved  in  a  relatively  straightforward 
manner,  thus  making  it  possible  to  design  a  SSBW  accelerometer  with  higher  accel¬ 
eration  sensitivity.  The  results  of  the  one  year  long  ageing  study  are  presented 
in  Section  4.  This  study  showed  that  fluid  encapsulated  SSBW  devices  age  at  a 
rate  of  less  than  10  ppm/year  which  is  at  least  as  good  as  the  ageing  of  vacuum 
sealed  devices.  Finally,  in  Section  5,  the  design,  fabrication,  and  evaluation  of 
a  group  of  four  laboratory  prototype  SSBW  accelerometers  is  described.  Section  6 
concludes  with  recommendations  for  further  development. 
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2.0  DOAL  SSBW  OSCILLATOR  STUDY 


2.1  Introduction 

The  use  of  two  acoustic  delay  lines  on  the  same  substrate  to  provide 
increased  sensitivity  to  the  parameter  being  measured  while,  at  the  same  time, 
providing  added  temperature  compensation  was  demonstrated  at  UTRC  in  earlier  work 
on  SAW  pressure  sensors  (Ref.  7).  In  that  case,  a  decrease  in  temperature  sensi¬ 
tivity  by  a  factor  of  10^  over  that  of  the  Y-cut  quartz  substrate  was  obtained. 
The  temperature  sensitivity  of  SSBW's  on  BT-cut  quartz  is  much  less  than  that  of 
saw's  on  Y-cut  quartz,  so  that  a  similar  decrease  in  sensitivity  through  the  use 
of  the  dual  delay  line  configuration  was  not  to  be  expected  with  the  SSBW  accel¬ 
erometer.  The  analysis  in  Section  2.3  will  show  that  a  decrease  in  sensitivity 
by  two  orders  of  magnitude  is  not  an  unreasonable  expectation,  and  it  was  antici¬ 
pated  that  a  decrease  by  a  factor  of  at  least  10  would  be  realized  in  the  labora¬ 
tory  prototype  SSBW  accelerometers. 

Two  aspects  of  the  dual  delay  line  configuration,  as  it  was  to  be  applied  to 
the  SSBW  accelerometer,  were  unknown  and  were  to  be  examined  in  this  program. 
First  was  with  regard  to  the  placement  of  the  two  delay  lines  on  the  substrate, 
and  the  second  was  the  degree  of  precision  that  would  be  required  in  the  fabrica¬ 
tion  of  the  delay  lines  in  order  to  achieve  the  desired  temperature  compensation. 
The  first  concern  was  related  to  such  questions  as:  how  close  could  the  two  delay 
lines  be  positioned  without  deleterious  effects,  i.e.,  could  they  be  located 
directly  opposite  one  another,  and  what  problems  would  arise  in  the  fabrication 
of  transducers  on  opposite  sides  of  a  single  substrate?  Section  2.2  will  discuss 
the  experiments  conducted  to  answer  these  questions. 

The  second  concern  turned  out  to  be  very  difficult  to  evaluate.  Achieving  a 
high  degree  of  repeatability  in  the  thermal  characteristics  of  devices  on 
opposite  sides  of  a  substrate  turned  out  to  be  far  more  difficult  than  antici¬ 
pated.  While  a  reduction  in  temperature  sensitivity  by  only  a  factor  of  10  from 
that  of  the  BT-cut  substrate  would  be  sufficient  for  the  realization  of  a  practi¬ 
cal  sensor,  even  that  level  of  compensation  requires  a  very  high  degree  of  preci¬ 
sion  in  the  fabrication  of  devices.  The  experimental  work  on  dual  SSBW  oscilla¬ 
tor  temperature  compensation  will  be  discussed  in  Section  2.3. 


2.2  Dual  SSBW  Delay  Line  Deaigna 

Figure  2-1  shows  the  general  SSBW  accelerometer  geometry.  Delay  lines  are 
fabricated  on  opposite  sides  of  the  cantilevered  quartz  substrate  with  a  relative 
separation  of  Xr  ■  Xb  -  Xt  between  them.  Since  the  stresses  in  the  beam  increase 
as  one  moves  away  from  the  mass  end  of  the  beam,  maximum  acceleration  sensitivity 
is  realized  by  placing  both  delay  lines  as  close  to  the  fixed  end  of  the  beam  as 
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possible.  However,  because  the  stress  field  is  likely  to  be  distorted  near  the 
fixed  end  due  to  a  lack  of  precision  in  the  geometry  of  the  epoxy  bond,  it  was 
decided  to  keep  the  centerline  of  the  nearest  delay  line  3  mm  from  the  bond  line. 
Within  this  guideline,  maximum  acceleration  sensitivity  is  obtained  when  both 
delay  lines  on  opposite  sides  of  the  beam  are  at  this  3  mm  position,  that  is, 

Xr  =  0. 


While  it  was  expected  that  there  would  be  some  coupling  between  the  two 
delay  lines,  the  coupling  was  not  expected  to  be  a  limiting  factor  because  the 
accelerometer  design  incorporated  a  frequency  separation  between  the  two  SSBW 
devices.  The  frequency  separation  was  approximately  3  MHz  and  was  determined  by 
photomask  limitations.  That  is,  the  smallest  increment  that  could  be  obtained  in 
a  IX  photomask  for  split-finger  transducers  is  0.4  microns,  so  that  one  delay 
line  had  a  wavelength  of  20.0  microns  and  a  SSBW  frequency  on  BT-cut  quartz  of 
166.4  MHz,  with  the  second  having  a  wavelength  of  20.4  microns  and  a  frequency  of 
163.1  MHz.  Since  a  Xr  =  0  design  would  provide  the  highest  acceleration  sensi¬ 
tivity,  and  it  was  anticipated  the  that  coupling  between  delay  lines  would  not  be 
a  problem,  initial  plans  were  to  proceed  with  a  Xr  =  0  design  for  the  laboratory 
prototype  accelerometers. 

In  order  to  determine  the  extent  of  the  coupling,  identical  delay  lines  with 
varying  relative  separation,  Xr,  were  fabricated  on  both  sides  of  0.035  in.  BT- 
cut  quartz  substrates.  Measurements  showed  that,  for  Xr  =  0,  the  insertion  loss 
(IL)  for  a  delay  line  composed  of  an  input  transducer  on  one  side  of  the  sub¬ 
strate  and  an  output  transducer  on  the  opposite  side  was  8  to  10  dB  below  the  IL 
for  a  normal  delay  line  with  both  transducers  on  the  same  surface.  When  similar 
substrates  were  prepared  with  delay  lines  with  the  3  MHz  frequency  separation, 
the  coupling  was  >20  dB  down  from  the  normal  delay  line  due  to  the  frequency 
selection  characteristics  of  the  interdigital  transducers.  The  coupling  fell  off 
rapidly  with  increasing  Xr  until  it  was  negligible  when  Xr  >  acoustic  aperture. 
Figure  2-2  illustrates  the  dual  oscillator  circuit.  Frequency  locking  between 
SSBW  oscillators  employing  delay  lines  on  the  same  substrate  was  not  observed 
when  frequency  of  the  two  oscillators  were  separated  by  3  MHz.  As  a  result,  it  is 
concluded  that  the  coupling  between  delay  lines  on  opposite  sides  of  a  substrate 
does  not  prevent  a  Xr  =  0  design  when  a  sufficient  frequency  separation  between 
the  two  delay  lines  is  provided. 

Problems  did  arise  in  the  fabrication  of  the  interdigital  transducers  in  the 
Xr  *  0  design  however.  The  photomask  pattern  definition  for  the  second  side 
delay  line  was  found  to  be  more  difficult  in  all  cases  where  there  was  overlap, 
or  even  close  proximity,  of  the  two  delay  line  patterns.  This  difficulty  was  due 
to  reflections  from  the  first  delay  line  pattern.  A  photoresist  designed  to 
alleviate  the  reflection  problem  became  available  during  the  course  of  this  work 
and  was  used  in  processing  of  all  of  the  usable  double-sided  devices.  While  the 
difficulty  of  processing  of  devices  with  overlap  was  reduced,  it  was  not  elimi¬ 
nated.  As  a  result,  and  because  the  processing  of  the  double-sided  devices  was 
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difficult  for  other  reasons  and  did  not  have  a  good  yield,  the  decision  was  made 
to  avoid  delay  line  pattern  overlap  in  the  laboratory  prototype  devices.  Some 
acceleration  sensitivity  would  be  sacrificed,  but  the  reduction  in  sensitivity 
could  be  calculated  and  would  be  known. 


2.3  Teaperatare  Sensitiwity 

The  temperature  sensitivity  of  a  SSBW  delay  line  on  BT-cut  quartz  is 
described  by  the  relation 


(f  -  fo)/fo  »  Tbt*(T-To)2  (2-1) 

where  f  is  the  frequency  at  temperature  T,  Tbt  is  the  second  order  temperature 
coefficient,  and  fo  is  the  frequency  at  the  turnover  temperature  To.  For  +50.5 
degree  rotated  Y-cut  quartz  (referred  to  as  BT-cut  quartz  although  the  BT-cut 
angle  is  not  exactly  +50.5  degrees,  having  been  defined  for  bulk  shear  waves  in 
quartz),  Tbt  has  a  value  of  approximately  -  0.03  ppm/*C^,  and  To  is  approximately 
40*C.  Both  Tbt  and  To  are  strong  functions  of  the  orientation  of  the  substrate 
and  have  not  yet  been  precisely  defined  in  the  literature.  Figure  2-3  shows  the 
SSBW  temperature  sensitivities  for  substrate  orientations  between  +50  and  +51 
degrees.  In  the  figure.  To  is  seen  to  be  a  very  strong  function  of  substrate 
orientation,  varying  nearly  1*C  for  every  0.01  degree  of  rotation  of  the  crystal. 
This  extreme  sensitivity  of  the  turnover  temperature  makes  it  difficult  to  repro¬ 
duce  the  turnover  temperature  with  devices  on  different  substrates.  Even  though 
X-ray  orientation  may  indicate  that  the  substrates  are  within  0.01  degrees,  minor 
differences  in  device  fabrication  can  shift  the  turnover  temperature.  Fortu¬ 
nately,  reproducing  the  turnover  temperature  from  substrate  to  substrate  is  not 
critical  to  the  development  of  a  SSBW  sensor.  Achieving  a  high  degree  of  temper¬ 
ature  compensation  within  a  given  device  is  critical  however.  With  the  accelera¬ 
tion  sensitivity  limited  to  approximately  100  ppm/G  maximum,  variations  in  output 
with  temperature  have  to  be  held  to  less  than  0.1  ppm  if  1  milli-G  accuracy  is  to 
be  achieved. 

The  low  temperature  sensitivity  of  SSBW's  on  BT-cut  quartz  provides  an 
excellent  starting  point  in  the  quest  for  a  high  degree  of  temperature  compensa¬ 
tion.  With  Tbt  “  -  0.03  ppm/*C^,  a  1*C  temperature  change  results  in  only  a  0.03 
ppm  change  in  output  frequency.  For  some  applications,  particularly  those  where 
tight  temperature  control  is  readily  achieved,  this  level  of  temperature  sensi¬ 
tivity  is  sufficiently  low. 

For  more  critical  applications,  or  those  where  temperature  control  is  not 
desired  or  not  possible,  a  dual  delay  line  configuration,  such  as  that  proposed 
for  the  SSBW  accelerometer,  offers  the  potential  for  significant  reductions  in 
temperature  sensitivity.  Because  the  2  delay  lines  of  the  SSBW  accelerometer  are 
in  close  proximity  on  the  same  substrate  (albeit  on  opposite  sides  of  the 
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substrate),  they  would  be  expected  to  have  identical,  or  nearly  identical, 
thermal  properties.  Therefore,  if  the  outputs  from  the  2  SSBW  oscillators  were 
combined  in  a  mixer  and  the  difference  frequency  extracted  as  the  sensor  signal 
output,  the  temperature  effects  would  nearly  cancel,  and  the  overall  sensor  would 
exhibit  greatly  reduced  temperature  sensitivity.  This  dual  delay  line  tempera¬ 
ture  compensation  scheme  was  successfully  demonstrated  in  earlier  work  at  UTRC  on 
a  SAW  pressure  sensor.  In  that  case,  the  temperature  sensitivity  was  reduced  by 
a  factor  of  10^  over  the  sensitivity  of  the  Y-cut  quartz  substrates. 

In  the  present  case,  where  the  temperature  sensitivity  of  SSBW's  on  BT-cut 
quartz  is  already  approximately  10^  below  that  of  SAW's  on  Y-cut  quartz,  a 
further  reduction  by  such  a  large  factor  should  not  be  expected  from  the  dual 
oscillator  configuration.  The  degree  of  compensation  that  can  be  anticipated  can 
be  estimated  from  the  following  analysis. 

If  each  of  the  2  SSBW  delay  lines  has  a  temperature  sensitivity  of  the  form 
o f  Eqn.  2-1 ,  i .e . , 

(fl  -  fo)/fo  *  Tbt*(T-To)2, 

(f2  -  f2o)/fo2  -  Tbt2*(T-To2) 2, 


where  fl  and  f2  are  functions  of  T,  and  fo  and  fo2  are  the  frequencies  at  To  and 
To 2,  and 


fo2  »  fo  Afo, 
Tbt2  *  Tbt  +  ATbt, 
To2  *  To  +  ATo, 


then  the  overall  temperature  sensitivity  is  given  to  first  order  by 


Af/fo  *  constant 

+  2*Tbt*To*(  Afo/fo  -  ATbt/Tbt  -  Aro/To)*T 

-  Tbt*(ATbt/Tbt  +  Afo/fo)*T2.  (2-2) 


where  Af  «  f2  -  fl.  In  the  ideal  case,  ATbt  and  ATo  are  zero,  and  Afo/fo  can  be 
made  <  0.01  by  design,  so  that 

Af/fo  “  constant  -  Tbt*{ Afo/fo)*(T-To) ^ 
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and  the  temperature  sensitivity  in  the  dual  oscillator  configuration  is  reduced 
by  4fo/fo,  or  by  a  factor  of  100  or  more  over  that  of  the  individual  devices. 

Unfortunately,  this  degree  of  temperature  compensation  has  yet  to  be 
demonstrated  in  the  laboratory  for  SSBW  devices.  Measurements  of  the  temperature 
characteristics  of  SSBW  devices  fabricated  on  opposite  sides  of  the  same 
substrate  show  substantial  differences  in  both  Tbt  and  To.  Figures  2-4  and  2-5 
show  temperature  versus  frequency  data  from  the  2  SSBW  delay  lines  on  opposite 
sides  of  substrate  B-416.  The  values  of  Tbt  and  To  for  these  2  delay  lines  are  - 
0.028  ppin/*C^  and  78.0*C  for  the  163  MHz  device  and  -0.014  ppm/*C^  and  36.6*C  for 
the  166  MHz  device.  The  discrepancy  between  the  Tbt  values  and  the  large 
difference  between  the  turnover  temperatures  are  not  understood.  The  temperature 
characteristics  of  4  such  double  sided  substrates  were  measured  and  the  Tbt  and 
To  values  obtained  are  given  in  Table  2-1. 

If  the  parameters  from  the  best  of  these  pairs  is  used  in  Eqn.  2-2,  the  net 
frequency  sensitivity  of  substrate  B-417  is  given  by 


Af/fo  =•  constant  -  0.72*T  +  0.00U2*T^ 


and  the  large  linear  term  results  in  nearly  a  I  ppm/*C  temperature  sensitivity. 
This  is  far  too  large  a  temperature  effect  for  a  practical  device.  The  second 
order  coefficient  of  temperature  is  reduced  by  an  order  of  magnitude  over  that  of 
the  BT-cut  substrate,  however,  combining  the  temperature  dependencies  results  in 
a  large  linear  term  due  to  the  differences  in  Tbt  and  To. 

These  differences  in  thermal  properties  between  devices  on  opposite  sides  of 
the  same  substrate  have  two  possible  causes.  One  is  that  the  two  surfaces  of  the 
quartz  substrate  may  actually  have  different  thermal  properties.  The  lapping  and 
polishing  of  the  substrates  is  not  done  by  UTRC  but  by  a  vendor  with  many  years 
experience  in  preparing  acoustic  substrates.  Conversations  with  the  vendor 
indicate  that  there  were  no  differences  in  the  way  that  the  two  sides  of  the 
substrates  were  processed,  and  it  therefore  does  not  seem  likely  that  substrate 
preparation  is  the  source  of  the  problem.  Also,  the  tolerances  on  thickness 
uniformity  rule  out  any  significant  orientation  differences  between  the  two  sides 
of  the  substrates. 

The  second  and  more  likely  cause  of  the  problem  is  differences  in  the 
processing  of  the  substrates.  Three  of  the  most  obvious  potential  sources  of 
difficulty  are:  1)  differences  in  transducer  metallization  thickness,  2) 
differences  in  transducer  f inger-to-gap  ratio,  3)  alignment  errors  between  the 
delay  line  patterns  on  the  ttra  sides  of  the  substrate.  A  strong  effort  was  made 
to  control  all  of  the  parameters  of  the  delay  line  processing,  however,  small 
differences  remained.  For  example,  the  metal  films  forming  the  SSBW  transducers 
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TABLE  2-1 

MEASURED  TEMPERATURE  CHARACTERISTICS  OF 
BACK-TO-BACK  SSBH  DELAY  LIIE  DEVICES 


Substrate 

Cut -Angle 

Frequency (MHz) 

Tbt(ppm/*C^) 

To(*C) 

B-416 

50*31' 

163.2 

-0.028 

78.0 

166.4 

-0.014 

36.6 

B-417 

50*26' 

163.2 

-0.011 

55.6 

166.6 

-0.015 

69.2 

B-418 

50*30' 

163.1 

-0.012 

66.5 

166.3 

-0.025 

80.8 

B-422 

50*27' 

163.1 

-0.010 

58.0 

166.3 

-0.019 

86.7 
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are  only  1000  angstroms  thick  and  can  only  be  controlled  to  within  50  angstroms 
or  so  without  a  post-processing  trimming  technique. 

Trimming  techniques  have  been  devised  at  UTRC  to  adjust  the  frequency  of  SAW 
resonators  and  delay  lines,  and  similar  methods  could  be  de  ised  to  adjust  the 
temperature  characteristics.  In  the  case  of  frequency  trimming,  the  feedback 
information  necessary  to  control  the  trimming  operation  (the  frequency)  is 
readily  measured.  A  similar  trimming  technique  could  be  used  to  vary  the  tempera¬ 
ture  characteristics,  however  the  feedback  information  is  far  more  difficult  to 
obtain  in  that  case,  and  the  process  could  become  prohibitively  time  consuming. 

If  ATbt  and  Alo  can  be  reduced  to  acceptable  levels,  the  dual  delay  line 
design  will  no  doubt  be  able  to  provide  added  temperature  compensation  beyond 
that  of  the  substrate  alone.  The  large  differences  observed  experimentally 
between  the  thermal  properties  of  devices  on  opposite  sides  of  the  same  substrate 
were  not  anticipated,  and  there  was  not  sufficient  time  within  the  present 
program  for  an  in-depth  investigation  of  the  problem.  As  a  result,  the  goal  of 
demonstrating  dual  delay  line  temperature  compensation  could  not  be  reached.  The 
potential  for  a  significant  reduction  in  temperature  sensitivity  using  this 
method  exists,  but  further  work  is  required  to  develop  that  potential. 
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3.0  DAMPIHG  OF  HECHAHICAL  VIBRATIONS 


3.1  Introdaction 

In  the  design  of  any  accelerometer,  both  high  acceleration  sensitivity  and  a 
high  mechanical  resonance  frequency  are  sought.  High  sensitivity  to  accelera¬ 
tions  is  essential  if  the  device  is  to  be  a  useful  accelerometer.  A  high 
mechanical  resonance  frequency  i»  necessary  because  the  lowest  mechanical 
resonance  is  above  about  1  kHz,  the  device  will  be  unduly  influenced  by  low 
frequency  vibrations  that  are  unrelated  to  the  acceleration  to  be  measured.  In  a 
cantilevered  beam  type  of  accelerometer,  these  two  properties  are  mutually 
exclusive.  Acceleration  sensitivity  is  given  by  (Ref.  9) 


As  »  Const*M*L/(W*T2), 


(3-1) 


where 


M  =  proof  mass, 

W  *  width  of  beam, 

L  =  length  of  beam,  and 
T  •  thickness  of  beam, 

and  the  lowest  mechanical  resonance  frequency  f  is  given  by 

f  -  Const*(T/L)*/lW*T/(M*L)) .  (3-2) 

Increasing  the  sensitivity  by  adjusting  one  of  the  parameters  results  in  a 
decrease  of  the  resonant  frequency  and  vice  versa.  Both  quantities  cannot  be 
simultaneously  adjusted  for  optimum  performance. 

To  illustrate  this  graphically.  Fig.  3-1  shows  plots  of  acceleration  sensi¬ 
tivity  versus  resonant  frequency  with  mass,  beam  length,  and  beam  thickness  as 
variable  parameters.  Clearly  there  is  a  design  trade-off  between  sensitivity  and 
resonant  frequency.  With  a  SSBW  strain  sensitivity  of  1.95  ppm/microstrain, 
there  is  no  practical  beam  design  that  will  yield  a  SSBW  accelerometer  with  both 
sufficiently  high  acceleration  sensitivity  and  a  mechanical  resonance  frequency 
above  1  kHz . 

However,  because  the  SSBW  acoustic  mode  can  propagate  in  a  fluid  environment 
without  excessive  losses,  it  is  possible  to  use  fluid  damping  to  alleviate  the 
problem  of  mechanical  vibrations.  If  the  dampening  can  be  made  high  enough  that 
critical  damping  is  achieved,  the  effects  of  mechanical  vibrations  would  essen¬ 
tially  be  eliminated.  The  remainder  of  this  section  describes  the  study 
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conducted  to  determine  the  fluid  damping  characteristics  of  cantilevered  quartz 
beams  for  an  SSBW  accelerometer. 


3.2  Ploid  Damping  Experiments 

Vibration  damping  experiments  were  conducted  to  determine  the  effects  of 
damping  fluids  on  the  amplitude  of  vibration  of  the  quartz  beam.  The  use  of 
fluid  flow  restrictions  were  investigated  with  the  goal  of  increasing  the  effec¬ 
tiveness  of  the  damping  and  possibly  reaching  the  critical  damping  point.  The 
basic  experiment  consisted  of  mounting  a  quartz  beam  so  that  it  could  be  excited 
by  an  electrodynamic  shaker  and  recording  the  amplitude  of  the  mechanical  vibra¬ 
tions  of  the  beam  as  a  function  of  shaker  frequency  and  acceleration  level. 

The  quartz  beams  employed  in  the  vibration  testing  were  the  same  thickness 
and  were  cut  into  the  same  trapazoidal  shape  as  those  used  in  the  laboratory 
prototype  SSBW  accelerometers.  A  photograph  of  one  of  the  quartz  beams  with 
attached  strain  gage  is  shown  in  Fig.  3-2.  A  Micro-Measurements  No.  EA-06-031DE- 
120  strain  gage  was  bonded  to  the  beam  in  the  orientation  sho%m  to  measure  the 
longitudinal  strain  at  the  surface  of  the  beam.  A  cylindrical  tungsten  mass  was 
epoxy  bonded  to  the  narrow  end  of  the  beam  and  the  opposite  end  epoxy  bonded  into 
a  machined  support  piece.  This  assembly  was  then  mounted  into  a  circular  chamber 
as  shown  in  Fig.  3-3.  The  chamber  was,  in  turn,  mounted  onto  an  electrodynamic 
shaker  for  vibration  testing.  The  chamber  was  fitted  with  0-rings  so  that  it 
could  be  filled  with  a  damping  fluid. 

Figure  3-4  is  a  schematic  of  the  vibration  test  setup  and  Fig.  3-5  is  a 
photograph  of  the  apparatus.  The  electrodynamic  shaker  provides  a  sinusoidal 
excitation  with  an  amplitude  and  frequency  controlled  by  a  servo  system.  The 
maximum  acceleration  level  can  be  held  constant  while  sweeping  over  the  desired 
frequency  range.  That  is,  if  the  displacement  and  acceleration  are  given  by 


X  =  A  *  sin(u)t),  d^/dt^  =  -Aw^  *  sin(a)t). 


the  quantity  Au^  is  held  constant  as  the  frequency  is  varied.  The  vibration  servo 
provides  a  signal  proportional  to  the  frequency  which  was  used  to  drive  the  X- 
axis  of  the  X-Y  recorder.  The  output  of  the  Wheatstone  bridge  circuit  containing 
the  strain  gage  is  a  measure  of  the  strain  in  the  quartz  beam  and  hence  the 
amplitude  of  the  deflection  of  the  beam.  This  AC  output  at  frequency  f  >  2a<  was 
monitored  with  an  oscilloscope.  A  DC  signal  proportional  to  the  AC  bridge 
circuit  output  was  provided  by  a  RMS  voltaieter,  and  this  DC  voltage  was  used  to 
drive  the  Y-axis  of  the  recorder.  In  operation,  the  acceleration  level  was  set 
to  the  desired  level  and  the  frequency  swept  over  a  range  known  to  include  the 
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lowest  mechanical  resonance  of  the  quartz  beam  and  mass.  The  signal  proportional 
to  the  amplitude  of  vibration  was  recorded  as  a  function  of  frequency. 

Figure  3-6  is  a  plot  of  relative  amplitude  versus  frequency  for  device  SGB3 
showing  the  relative  amplitude  both  with  and  without  an  oil  damping  fluid.  The 
addition  of  the  damping  fluid  produces  a  large  reduction  in  amplitude  and  a  shift 
of  the  resonance  toward  lower  frequency.  Several  different  kinds  of  oil  with 
different  viscosities  were  examined  and  all  produced  approximately  the  same  level 
of  damping.  None  provided  enough  damping  to  critically  damp  the  beam.  Most  of 
the  testing  was  done  with  Sargent-Welch  No.  1407K-11  silicone  vacuum  pump  oil. 

Additional  damping  was  sought  with  the  addition  of  a  fluid  flow  restriction 
in  the  form  of  a  surface  positioned  close  to  the  beam.  The  metal  piece  under  the 
quartz  beam  in  Fig.  3-3  provides  a  flat  surface  within  0.016"  and  extending  over 
95%  of  the  area  of  the  beam.  As  the  beam  /ibrates,  the  motion  of  the  beam  forces 
the  damping  fluid  to  flow  into  and  out  of  the  thin  cavity  between  the  beam  and 
the  flow  restricting  surface.  If  the  surface  is  positioned  closer  to  the  beam, 
the  damping  is  increased.  At  some  point,  the  energy  required  to  pump  the  fluid 
back  and  forth  equals  or  exceeds  the  energy  of  the  mechanical  oscillation  and  the 
vibrations  cease.  The  beam  is  then  critically  damped.  If  that  point  can  be 
reached  with  a  "reasonable"  beam-to-surface  spacing,  then  critical  damping  can  be 
achieved  relatively  easily.  If  the  critical  damping  spacing  is  less  than  a  few 
thousandths  of  an  inch,  implementation  of  the  flow  restriction  would  be  consider¬ 
ably  more  difficult. 

Figure  3-7  shows  the  increase  in  vibration  damping  obtained  by  positioning  a 
surface  0.016"  from  one  side  of  the  quartz  beam.  The  larger  amplitude  curve  in 
Fig.  3-7  is  the  same  as  the  smaller  amplitude  curve  in  Fig.  3-6  replotted  at  a 
magnified  scale.  Clearly  the  0.016"  flow  restriction  provides  a  substantial 
increase  in  damping,  but  the  critical  damping  point  still  has  not  been  reached. 

In  Fig.  3-8  the  effects  of  reducing  the  spacing  to  0.011",  0.009",  0.008",  and 
finally  0.006"  is  shown.  Critical  damping  is  achieved  at  approximately  0.009" 
spacing. 

This  experimental  study  of  vibration  damping  of  cantilevered  quartz  beams 
has  shown  that  by  implementing  a  flow  restriction  to  impede  the  free  flow  of 
the  damping  fluid,  critical  damping  can  be  achieved,  and  that  the  spacing  at 
which  critical  damping  is  obtained  is  large  enough  (0.008"  to  0.010"  over  95%  of 
one  side  of  the  beam)  to  be  readily  implemented  in  a  device  design.  Because  of 
the  severe  trade-off  between  acceleration  sensitivity  and  the  mechanical 
resonance  frequency,  it  is  absolutely  necessary  that  vibration  damping  be 
employed  in  the  SSBW  accelerometer.  The  fact  that  critical  damping  can  be 
achieved  in  a  straightforward  manner  provides  the  device  designer  with  added 
flexibility. 
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4.0  SSBH  AGEING  STUDY 


4.1  Introduction 

Devices  which  are  intended  to  be  incorporated  into  precision  sensors  must  be 
stable  over  long  periods  of  time.  Thus  the  long  term  stability,  or  ageing,  of 
SSBW  delay  lines  on  BT-cut  quartz  is  of  critical  importance  to  the  successful 
development  of  the  SSBW  accelerometer.  The  state-of-the-art  of  SAW  device  ageing 
is  about  1.0  ppm/year  (Refs.  10  to  14).  It  has  been  conjectured  that  SSBW 
devices  should  exhibit  better  ageing  characteristics  than  SAW  devices  because  the 
SSBW  mode  is  less  sensitive  to  the  conditions  on  the  surface  of  the  substrate 
(Ref.  15).  To  date,  however,  there  has  been  little  reported  work  in  the  area  of 
SSBW  ageing,  and  no  definitive  studies.  The  purpose  of  the  present  ageing  study 
was:  1)  to  establish  the  ageing  rate  of  vacuum  sealed  SSBW  delay  lines,  2)  to 
investigate  the  ageing  of  pairs  of  delay  lines  on  the  same  substrate,  and  3)  to 
determine  the  ageing  of  SSBW  delay  lines  immersed  in  a  damping  fluid. 

A  reference  group  of  12  SSBW  delay  line  devices  was  prepared  using  state-of- 
the-art  processing  and  packaging  techniques.  These  devices  were  mounted  into 
stable  oscillator  circuits,  assembled  together  in  the  ageing  test  apparatus,  and 
monitored  for  a  period  of  one  year.  The  performance  of  these  twelve  devices 
would  set  a  baseline  to  which  comparisons  could  be  made. 

Because  the  SSBW  accelerometer,  as  it  is  presently  envisioned,  requires 
SSBW  delay  lines  on  both  sides  of  the  beam,  the  ageing  of  pairs  of  devices  on 
opposite  sides  of  a  substrate  is  also  of  great  interest.  If  the  sources  of 
ageing  affect  both  devices  in  a  like  manner,  it  is  possible  that  the  two  devices 
will  age  in  such  a  way  that  they  "track”  one  another.  If  that  is  the  case,  then 
the  difference  frequency  extracted  from  the  pair  of  SSBW  oscillators  using  delay 
lines  fabricated  on  opposite  sides  of  the  same  substrate  will  have  better  ageing 
characteristics  than  either  of  the  individual  oscillators.  Therefore,  in 
addition  to  the  primary  group  of  single-sided  devices,  a  second  group  of  6 
double-sided  devices  (12  SSBW  oscillators)  was  fabricated  and  included  in  the 
ageing  study.  Any  sensor  employing  acoustic  wave  devices  would  naturally  be 
designed  to  use  pairs  of  devices  to  provide  temperature  compensation,  so  that  the 
ageing  of  pairs  is  very  important  for  acoustic  sensor  development. 

The  third  group  of  6  SSBW  delay  line  devices  included  in  the  ageing  study 
were  sealed  in  silicone  oil  rather  than  being  vacuum  sealed.  The  design  of  the 
SSBW  accelerometer  is  based  upon  the  use  of  fluid  damping  to  minimize  the  effects 
of  mechanical  vibrations,  and  it  was  therefore  essential  to  determine  the  effects 
of  the  damping  fluid  on  the  ageing  characteristics  of  the  SSBW  devices. 

The  remainder  of  Section  4  is  divided  into  four  parts.  Section  4.2 
describes  the  design,  fabrication,  and  packaging  of  devices,  Section  4.3 
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describes  the  oscillator  circuits  and  the  overall  ageing  test  facilities,  Section 
4.4  presents  the  results  of  the  study,  and  Section  4.3  lists  the  conclusions  to 
be  drawn  from  the  ageing  •'tudy. 


4.2  Device  Deaiga,  Febricacion  and  Packaging 
4.2.1  SSBW  Delay  Line  Design 

Because  the  losses  in  SSBW  delay  lines  on  BT-cut  quartz  are  rather  high 
compared  to  SAW  delay  lines  or  even  SSBW  delay  lines  on  AT-cut  quartz,  the  delay 
line  designs  employed  in  this  study  were  optimized  for  minimum  loss,  using  the 
work  performed  under  AFOSR  Contract  No.  F49620-84-C-0006  as  a  guide  (see  Ref.  6). 
The  wavelength,  and  hence  the  frequency  of  the  SSBW  delay  line,  was  determined 
by:  1)  the  need  to  keep  the  overall  size  of  the  delay  line  small  enough  that  it 
would  fit  onto  a  cold-weld  header,  and  2)  the  desire  to  have  the  photomasks  made 
at  IX,  directly  from  the  pattern  generator.  The  finger  width  for  the  split- 
finger  transducers  that  are  necessary  for  SSBW  devices  is  one-eighth  wavelength. 
Therefore,  with  a  pattern  generator  with  a  2.5  micron  lower  limit  on  exposure 
width,  the  minimum  wavelength  transducer  that  can  be  generated  is  20.0  microns. 
The  SSBW  velocity  on  BT-cut  quartz  is  3330  m/sec,  thus  the  transducer  center 
frequency  is  166.5  MHz.  In  order  to  provide  a  frequency  offset  for  the  back-to- 
back  devices,  a  second  delay  line  pattern  with  a  wavelength  of  20.4  microns  was 
also  generated.  This  wavelength  produces  a  frequency  of  163.2  MHz  giving  a 
frequency  separation  of  3.3  MHz. 

Figure  4-1  shows  a  printout  of  a  computer  analysis  of  the  SSBW  delay  line 
design  employed.  The  transducer  length  was  first  chosen  to  minimize  losses  and 
the  acoustic  aperture  was  then  chosen  to  provide  a  50  ohm  match  to  the  external 
circuit.  The  width  of  the  fingers  in  these  transducers  is  ideally  2.5  microns. 
The  actual  width  of  the  fingers  on  the  quartz  substrate  after  processing  is  some¬ 
what  greater,  varying  from  about  2.8  microns  to  3.0  microns.  If  the  finger  to  gap 
(f/g)  ratio  is  adjusted  to  account  for  the  increased  finger  width,  the  acoustic 
aperture  must  also  be  adjusted  to  provide  the  same  transducer  capacitance.  As  a 
result,  rather  than  the  computed  66.2  wavelength  aperture,  the  actual  aperture 
used  was  60  wavelengths  for  the  20.0  micron  wavelength  design  and  62  wavelengths 
for  the  20.4  micron  wavelength  design.  (The  finger  width  enlargement  was  less 
with  the  20.4  micron  design  because  the  pattern  generator  tape  called  for  the 
same  2.5  micron  fingers  rather  than  2.55  microns  ■  wavelength/8).  Figures  4-2 
and  4-3  are  photographs  of  two  of  the  photomasks  used  in  this  study.  The  same 
SSBW  delay  line  designs  that  were  used  in  the  ageing  study  vere  also  used  in  the 
laboratory  prototype  accelerometers  to  be  described  in  Section  5. 

The  transducer  metallization  was  100  angstroms  of  chrome  and  1000  angstroms 
of  aluminum,  and  surface  electrodes  rather  than  recessed  electrodes  were  used. 
Unlike  the  case  of  SAW  devices  where  recessed  electrodes  reduce  scattering. 
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FIG  4-1 


SAW  DELAY  LINE  ANALYSIS 


a) 


tit  -  4  6f 

E-'  -  4  it 

-  I  et 


SS6«*  ; 

•  33?:  .00C  *  i  £4c  •  3«c 

-•C  •  I33C  ?iP?  •  s  •  0  E356 

•  9  97^9  •  jt!  #  •  ?-346  c* 


* u”  •  it-  Zhi  *•' 2 

♦•■•t  ».'*«:«  ...  •  20  4^3C4 

•.0.00i?  fsse  tage 


*  6  .«-af  art' 

a  1  . :  »  .  ... 

9Zi  299  EL  . 

992  Z92  6E  . 


t  9  e 

! 

0  SdC 
0.001.' 


i  '^a  •  e  '  ' 

-'»-9  ^2  i»'f 

c  e.6  c  c.t 
“’Se  9  9Zi  0  ff.t 


i:-'.e  !-;esa'-«  • 


^  -''•s 


wcao  l^peca'^ce  •  50  0  c'-t 


iw  -  ::  9  s6  a*,  .c: 


-•••.0  025  ‘  •':  -  •  544 .6 


3a5  ta*'2..3**-  -  9  53fc  EaE  ta'3-.;Ci*‘  •  0  4C  ■•'•; 


b)  INSERTION  LOSS  VS  FREQUENCY 


c)  INPUT  IMPEDANCE  VS  FREQUENCY 


29 


B7-8-  17-  11 


%■  1 


REACTANCE  (ohms) 


R87-927145 


FIG  4-2 
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FIG  4-3 
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recessed  electrodes  on  SSBW  devices  were  found  experimentally  to  increase 
scattering  and  to  lead  to  higher  losses.  Figure  4-4  shows  IL  versus  frequency 
plots  for  a  typical  SSBW  delay  line  in  a  50  ohm  circuit.  The  characteristic  is 
seen  to  be  very  clean,  and  the  29.7  dB  loss  at  the  minimum  is  on  the  high  side  of 
the  28.5  to  30.0  dB  range  observed  with  these  devices.  These  IL  values  are 
optimum  for  SSBW's  on  BT-cut  quartz. 


4.2.2  Quartz  Subatratea 

The  +50.5  degree  rotated  Y-cut  quartz  substrates  (BT-cut)  were  specified  to 
have  been  made  from  0.035  in.  thick,  premium  Q  synthetic  quartz  with  an  orienta¬ 
tion  accuracy  of  -  15  minutes  of  arc.  Tolerances  on  the  substrate  specifications 
were  made  as  tight  as  possible  without  inducing  unnecessarily  high  costs. 
Additionally,  the  vendor  was  required  to  make  X-ray  orientation  determinations  of 
the  plate  and  edge  normals  for  each  substrate  and  to  supply  that  information  with 
the  substrate.  Those  measurements  fix  the  orientations  within  1  minute  of  arc. 
Table  4-1  lists  the  ageing  study  devices  according  to  group  and  indicates  the 
plate  normal  and  edge  normal  orientations.  The  variation  of  the  orientations 
about  their  nominal  values  is  not  expected  to  influence  significantly  the  ageing 
of  the  devices.  The  precise  orientation  is  most  critical  when  attempting  to 
control  the  temperature  characteristics  of  these  devices.  In  order  to  obtain  a 
temperature  turnover  within  a  few  degrees  Celsius  in  the  20  to  60  degree  Celsius 
range,  the  substrate  orientation  has  to  be  controlled  to  better  than  one  minute 
of  arc  (see  Fig.  2-3).  Such  orientation  precision  is  costly  and  was  not  consid- 
I  ered  necessary  for  the  purposes  of  the  present  study.  The  substrates  were  etch- 

I  polished  (Ref.  16)  to  minimize  the  surface  damage  and  the  resulting  stresses 

[  caused  by  polishing  alone. 

I 

I 

I  4.2.3  Procezziog  and  Packaging  of  Sobztratez 


Studies  of  the  ageing  of  bulk  wave  and  SAW  crystal  oscillators  have  shown 
that  there  are  two  primary  sources  of  device  ageing.  The  two  sources  are:  1) 
stresses  and  stress  relaxation  resulting  from  thermal  expansion  differences  and 
changes  in  the  metal  films  due  to  migration,  and  2)  the  adsorption  and  desorption 
of  contaminants  within  the  sealed  container.  Both  ageing  mechanisms  are  tempera¬ 
ture  dependent.  While  neither  thermal  stresses  nor  contamination  can  be  elimi¬ 
nated  entirely,  in  the  best  oscillators  they  are  minimized  through  careful  atten¬ 
tion  to  the  attachment  of  electrical  leads  and  the  mounting  of  the  oscillator 
crystal,  and  the  use  of  processing  techniques  known  to  minimize  contamination  of 
the  crystal  and  the  environment  within  Che  packaged  device.  The  processing  of 
devices  for  Che  SSBW  ageing  studies  was  carried  out  with  great  care  using  proven 
techniques  in  order  to  minimize  both  substrate  stress  and  contamination  of  the 
package  environment. 


I 

k 


I 
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The  single  sided  substrates  Co  be  vacuum  sealed  were  processed  according  to 
following  schedule: 
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FIG.  4-4 


INSERTION  LOSS  VS  FREQUENCY  FOR  SSBW  ON  BT-CUT  QUARTZ 
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TABLE  4-1 

LISTING  OF  SSBW  AGEING  TEST  DEVICES  AND  SUBSTIATE  ORIENTATIONS 

Substrate 

Normal  X-axis  Face 


Device  No. 

Type 

Angle 

Angle 

B366 

50*41' (+11) 

X  +  4' 

B368 

double 

50*28' (-2) 

X  +  9' 

B369 

sided 

50*26' (-4) 

X  -  5' 

B371 

vacuum 

50*35' (+5) 

X  +  O' 

B372 

sealed 

50*27' (-3) 

X  -  6’ 

B374 

• 

50*29'(-l) 

X  -  2' 

B397a 

50*24’ (-6) 

X  -  3' 

B399a 

• 

50*27'(-3) 

X  -  10’ 

B399b 

• 

50*27’ (-3) 

X  -  10' 

B402a 

single 

50*31' (+1) 

X  +  ir 

B402b 

sided 

50*31' (+1) 

X  +  ir 

B403a 

vacuum 

50*27' (-3) 

X  -  8' 

B403b 

sealed 

50*27' (-3) 

X  -  8' 

B404a 

• 

50*39’(+9) 

X  -  5' 

B404b 

• 

50*39’ (+9) 

X  -  5' 

B405a 

• 

50*34' (+4) 

X  +  3' 

B414 

• 

50*26’ (-4) 

X  -  7’ 

B415 

• 

50*33’ (+3) 

X  -  3' 

B394a 

50*35’ (+5) 

X  +  6' 

B394b 

« 

50*35'(+5) 

X  +  6' 

B396a 

oil 

50*25' (-5) 

X  -  2' 

B396b 

sealed 

50*25’(-5) 

X  -  2' 

B401a 

• 

50*22' (-8) 

X  -  9' 

B401b 

• 

50*22' (-8) 

X  -  9’ 
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1)  Through  cleaning  of  the  substrate  with  high  purity  solvents  - 

2)  Baking  in  air  at  200  degrees  Celsius  for  18  hours  -  this  baking  step  removes 
low  volitility  contaminants  and  adsorbed  water  vapor  from  the  quartz  crystal 

3)  Application  of  photoresist  and  exposure  of  SSBW  pattern  - 

4)  Development  of  exposed  photoresist  - 

5)  Thermal  evaporation  of  100  A  of  chrome  and  1000  A  of  aluminum  - 

6)  Lift-off  of  metal  and  photoresist  in  alcohol  -  a  high  purity  alcohol  is 
used 

7)  Recoating  with  photoresist  -  to  protect  surface  during  subsequent  substrate 
cutting  operation 

8)  Cutting  of  substrate  to  final  size  - 

9)  Removal  of  photoresist  and  cleaning  in  high  purity  alcohol  - 

10)  Mounting  of  substrate  onto  cold-weld  header  -  the  substrate  is  held  in  place 
on  the  header  by  the  same  1  mill  wires  used  to  make  the  electrical  connec¬ 
tions  to  the  device  -  (see  Fig.  4-5) 

11)  Ultra-violet/ozone  cleaning  step  -  exposure  to  intense  UV  light  for  a  short 
period  of  time  is  a  highly  effective  means  of  removing  a  variety  of  organic 
contaminants  -  (see  Ref.  17)  -  the  device  is  then  immediately  mounted  into 
the  cold  weld  sealing  system  for  vacuum  baking  and  sealing  - 

12)  Vacuum  bake  at  200  C  and  10”^  torr  for  18  hours  in  cold  weld  sealing  system  - 
this  system  is  oil  free  -  the  chamber  is  roughed  and  pumped  by  cryogenic 
pumps  -  (see  Figs.  4-6  and  4-7) 

13)  Cold  weld  sealing  of  package  at  100*C  and  10”^  torr  - 

The  processing  schedule  was  designed  to  produce  a  substrate  and  an  environ¬ 
ment  that  is  as  free  of  contaminants  as  possible,  and  to  provide  a  stress  free 
mounting  for  the  substrate.  The  header  mounted  substrate  and  the  package  lid 
were  both  UV/ozone  cleaned  immediately  prior  to  mounting  in  the  vacuum  chamber  of 
the  cold-weld  sealing  system.  Cold-weld  sealing  is  a  very  positive  method  of 
vacuum  encapsulation  that  produces  a  reliable  vacuum  tight  seal.  Mounting  of  the 
substrate  to  the  header  using  only  the  bond  wires  insures  that  thermal  expansion 
differences  between  the  quartz  substrate  and  the  kovar  header  will  not  stress  the 
substrate  when  temperatures  are  varied.  The  processing  and  packaging  of  these 
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devices  was  carried  out  with  a  great  amount  of  care  in  anticipation  of  achieving 
state-of-the-art  ageing  results  for  SSBW  delay  lines. 

The  processing  of  the  double  sided  devices  basically  followed  a  similar 
processing  schedule  except  that  steps  #3  thru  #6  were  repeated  in  order  to 
produce  the  second  delay  line  pattern  on  the  back  side  of  the  substrate.  These 
double  sided  devices  turned  out  to  be  much  more  difficult  to  produce  than  antici¬ 
pated.  In  addition  to  the  obvious  problem  of  having  to  protect  one  surface  while 
the  other  was  being  patterned,  other  problems  arose  to  greatly  complicate  the 
processing  of  the  double  sided  devices. 

For  example,  reflections  from  the  first  metallization  made  achieving  a  good 
defect  free  transducer  pattern  on  the  reverse  side  almost  impossible.  Fortu¬ 
nately,  during  the  time  this  work  was  in  progress,  a  new  type  of  photoresist, 
specifically  designed  to  alleviate  this  back  side  reflection  problem,  became 
available  (Ref.  8). 

A  second  major  problem  was  the  attachment  of  the  electrical  leads  to  the 
substrate.  Unlike  the  case  with  the  single  sided  devices,  the  double  sided 
devices  could  not  be  wire  bonded.  Instead,  the  transducer  pads  were  built  up 
with  a  layer  of  copper  followed  with  a  layer  of  nickel,  and  gold  ribbon  measuring 
0.002  in.  by  0.010  in.  was  then  soldered  to  the  pads.  After  mounting  of  the 
substrate  to  the  header,  the  gold  ribbons  were  soldered  to  the  header  pins  (hot 
leads)  and  body  (ground  leads). 

The  double  sided  substrates  were  mounted  to  the  header  on  edge  as  shown  in 
Fig.  4-8  using  polyimide  cement.  This  cement  is  suitable  for  an  ageing  study 
from  a  contamination  standpoint  since  it  does  not  outgas  after  the  vacuum  bake, 
step  #12.  Bonding  of  the  substrate  to  the  header  with  polyimide  does  raise  the 
possibility  of  introducing  thermal  stresses.  In  order  to  minimize  such  stresses, 
the  bond  area  was  localized  to  one  end  of  the  substrate  and  kept  as  small  as 
possible.  The  principal  purpose  of  the  double  sided  devices  was  to  assess  the 
ageing  of  the  two  devices  with  respect  to  one  another,  and  the  possible  introduc¬ 
tion  of  thermal  stresses  due  to  the  polyimide  bond  was  not  expected  to  interfere 
with  the  interpretation  of  the  ageing  data. 

The  devices  to  be  aged  in  oil  presented  a  special  packaging  problem. 
Because  the  IL  of  these  devices  in  oil  was  from  4  to  6  dB  greater  than  the  IL  in 
air  or  vacuum,  it  was  necessary  to  find  a  package  with  better  feedthru  character¬ 
istics  than  that  of  the  cold  weld  headers.  The  feedthru  of  the  headers  was  only 
40  to  45  dB  down,  and  the  IL  of  the  devices  in  oil  was  between  33  and  36  dB.  A 
small  IC  flatpack  with  a  feedthru  level  of  -55  dB  was  selected. 

The  processing  of  these  substrates  followed  the  same  schedule  as  the  single 
sided  devices  to  be  vacuum  sealed  up  to  step  #10.  The  devices  to  be  aged  in  oil 
were  mounted  into  the  flatpack  using  only  bond  wires  as  shown  in  Fig.  4-9. 
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Again,  this  mounting  technique  insures  that  thermal  expansion  differences  between 
the  quartz  substrate  and  thi  package  will  not  lead  to  stresses  in  the  substrate 
with  changes  in  temperature.  After  bonding  the  device  into  place,  the  flatpack 
was  sealed  by  epoxying  on  an  aluminum  cover  with  a  small  hole.  A  silicone  oil 
was  injected  into  the  cavity  of  the  flatpack  with  a  hypodermic  needle  and  the 
hole  then  sealed  with  epoxy. 


4.3  Ageing  Test  Apparatas 
4.3.1  88BW  Oscillator  Circoits 

Schematics  of  the  two  RF  oscillator  circuits  used  in  the  ageing  study  are 
shown  in  Fig.  4-10.  The  SSBW  devices  that  were  aged  in  oil  required  more  gain  in 
the  circuit  because  of  their  higher  loss,  hence  two  20  dB  amplifiers  were  used 
rather  than  the  20  dB  and  14  dB  combination  used  for  the  vacuum  sealed  devices. 
The  amplifiers  were  high  quality  Avantek  502*8  and  512*8.  A  series  inductor  was 
employed  to  trim  each  circuit  to  provide  the  correct  loop  phase  delay  so  that  the 
frequency  of  oscillation  corresponded  to  the  IL  minimum  for  the  SSBW  device.  The 
15  pF  capacitor  served  to  shunt  the  3rd  harmonic  to  ground  to  prevent  the  circuit 
from  oscillating  at  the  3rd  harmonic  frequency. 

Figure  4-11  is  a  photograph  showing  both  sides  of  the  printed  circuit  board 
(PCB)  and  the  aluminum  chassis  that  contained  the  PCB.  The  PCB  was  designed  for 
the  double  sided  devices,  that  is,  it  contained  two  separate  oscillator  circuits. 
The  same  board  was  used  for  the  single  sided  devices,  using  just  half  of  the 
board. 


4.3.2  Ageing  Test  Facilities 

Figure  4-12  is  a  photograph  of  the  stack  of  24  chassis  as  they  were 
assembled  together  for  the  ageing  test.  Threaded  rod  and  the  aluminum  plates  at 
the  top,  bottom,  and  middle  of  the  stack  were  used  to  hold  the  stack  together. 

The  three  plates  also  contained  the  six  Analog  Devices  AD590  semiconductor  IC 
temperature  transducers  from  which  the  average  temperature  of  the  stack  was 
obtained.  Figure  4-13  is  a  sketch  of  the  layout  of  the  devices  within  the  stack 
showing  the  relative  position  of  the  temperature  probes. 

Figure  4-14  is  a  photograph  of  the  complete  ageing  test  facility.  The 
oscillator  stack  was  placed  in  a  Tenny  Jr.  environmental  control  chamber.  This 
unit  is  capable  of  holding  any  temperature  in  the  -80*C  to  ■*•200*0  range  within 
i  0.15*C.  For  the  SSBW  ageing  test  the  temperature  was  set  to  -t-bO'C.  The  output 
from  each  oscillator  was  connected  via  coaxial  cable  to  a  computer  controlled  RF 
switch  complex.  All  frequency  measurements  were  taken  with  a  Hewlett-Packard 
5345A  electronic  counter.  A  Hewlett-Packard  9816  desktop  computer  was  dedicated 
to  the  SSBW  ageing  study. 


20  dB 
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5SEMBLY  OF  SSBW  OSCILLATOR  CHASSIS  FOR  AGING  TEST 
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FIG.  4-13 


ARRANGEMENT  OF  SSBW  OSCILLATOR  CHASSIS  &  THERMOCOUPLES  WITHIN 

AGING  STACK 
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4.3.3  Ageing  Data  Acquisition 

Ttie  computer  was  programmed  to  interrogate  the  30  oscillators  and  the  6 
thermocouples  twice  each  day,  starting  at  1  AM  and  1  PM,  and  to  store  the  data  on 
a  floppy  disc.  During  each  of  the  two  sampling  periods,  the  frequency  of  each  of 
the  oscillators  was  sampled  300  times  with  a  one  second  gate  time  (one  hertz 
accuracy)  and  the  average  value  computed  and  stored.  Sampling  of  all  30  oscilla¬ 
tors  required  2.5  hours.  Temperature  data  was  taken  4  times  during  this  period, 
once  prior  to  sampling  of  the  oscillators,  and  then  after  groups  of  10  oscilla¬ 
tors  had  been  sampled.  Each  of  the  4  temperature  measurements  was  an  average  of 
the  readings  from  the  6  temperature  probes. 


4.4  Results  of  SSBW  Ageing  Study 

The  30  SSBW  devices  in  this  ageing  experiment  were  not  "pre-aged"  in  any 
way.  Researchers  studying  the  ageing  of  SAW  devices  have  noted  that  devices 
initially  age  at  faster  rates  before  settling  down  to  a  lower  rate  as  the  test 
continues  (Ref.  10).  They  therefore  "pre-age"  their  devices  at  an  elevated 
temperature  for  several  weeks  before  beginning  the  actual  ageing  test.  Except 
for  the  fact  that  the  first  of  the  SSBW  devices  fabricated  for  this  test  were 
ready  several  months  before  the  last  device  was  finished,  there  was  no  deliberate 
"pre-ageing"  of  any  devices.  While  the  ageing  of  4  SSBW  devices  (1  of  the  double 
sided  vacuum  sealed  devices  and  2  of  the  oil  packaged  devices)  was  severe,  no 
devices  were  "lost"  during  the  course  of  the  1  year  ageing  experiment  due  to 
faulty  bonding,  circuit  failures,  or  other  causes. 

Several  events  occurred  during  the  course  of  the  year  long  ageing  test 
period  that  caused  perturbations  in  the  data.  At  the  4  week  point,  power  was 
lost  over  a  weekend.  Data  taking  was  resumed  the  following  Monday  after  the 
temperature  was  stabilized  in  the  Tenny  Jr.  chamber.  A  frequency  counter 
malfunctioned  during  the  33rd  week  requiring  replacement  of  the  counter  and  this 
again  resulted  in  the  loss  of  several  days  data.  During  the  32nd  week  and  again 
during  the  39th  week,  there  were  unexplained  increases  in  the  temperature  of  a 
degree  or  less.  These  increases  were  probably  foretelling  the  more  serious 
problems  to  arise  with  the  chamber  starting  during  the  41st  week.  At  that  point, 
one  stage  of  the  compressor  on  the  chamber’s  refrigeration  system  failed.  Since 
the  temperature  appeared  to  be  holding  without  the  compressor  with  only  a  rise  of 
about  1*C,  it  was  decided  not  to  disrupt  the  chamber  to  repair  the  compressor, 
but  to  continue  the  ageing  test  at  the  slightly  elevated  temperature.  Unfortu¬ 
nately  the  temperature  did  not  remain  stable  at  the  slightly  elevated  level  but 
continued  to  slowly  increase  over  the  next  10  weeks.  Finally,  at  the  end  of  the 
5l8t  week,  the  second  stage  compressor  failed  end  the  temperature  rose  abruptly. 
These  events  are  clearly  evident  in  Fig.  4-15  where  the  chamber  temperature  is 
plotted  as  a  function  of  time.  Also  note  in  the  figure  that  the  temperature 
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decreased  steadily  during  the  first  32  weeks  of  the  test  period,  dropping  by  1.2 
C  during  that  time  (0 .038"C/week) . 

The  result  of  these  problems  is  that  the  data  for  the  last  20  weeks  of  the 
one  year  test  period  is  of  limited  usefulness.  The  data  does  demonstrate  the 
temperature  compensation  capabilities  of  the  double  sided  devices,  and  plots  of 
the  frequency  difference  between  the  2  oscillators  from  devices  on  the  same 
substrate  illustrate  this.  The  principal  conclusions  on  ageing  of  SSBW  devices 
will  be  drawn  from  the  data  for  the  first  222  days  of  the  ageing  study.  Plots  of 
the  data  for  all  30  oscillators  for  the  entire  year  long  study  are  presented  as 
Appendix  1. 

Ageing  is  measured  by  the  change  in  SSBW  oscillator  frequency  as  a  function 
of  time.  The  frequency  change  is  given  in  units  of  parts  per  million,  i.e., 

ppm  =  [f(t)  -  f(t=0) ] /f (t=0) 

where  f(t=0'  is  the  frequency  at  the  start  of  the  test  and  f(t)  is  the  frequency 
at  time  t. 

Table  4-2  summarizes  the  ageing  data  for  all  30  SSBW  oscillators.  Included 
in  the  table  are;  (1)  the  ageing  at  the  222nd  day,  (2)  the  ageing  rate  for  each 
device,  and  (3)  the  projected  ageing  for  the  full  1  year  period.  The  ageing  at 
the  222nd  day  is  actually  an  average  of  the  data  for  the  10  day  period  up  to  and 

including  the  222nd  day.  This  was  done  to  average  out  daily  fluctuations  and 

provide  a  more  accurate  estimate  of  the  ageing  to  that  point.  The  ageing  rate 
was  obtained  by  computing  the  linear  fits  to  the  data  for  the  100  day  period  from 
day  123  to  day  222.  The  linear  fits  were  found  to  be  excellent  representations 
of  the  ageing  data  for  that  100  day  period.  The  projected  value  for  the  ageing 
at  the  end  of  the  1  year  test  period  was  then  computed  from  the  following 
expression. 

J  Ageing  at  1  year  =  Ageing  at  222nd  day  +  Ageing  rate*(365-222) /36 5 

Clearly  there  is  the  possibility  of  error  in  this  method,  however,  lacking  the 

appropriate  data  for  the  full  365  days,  some  approximate  approach  was  required  to 
arrive  at  an  ageing  rate  in  ppm/year.  Another  option  was  to  simply  project  the 
value  at  the  222nd  day  to  1  year,  i.e..  Ageing  at  222nd  day*(365/222) .  This 
latter  approach  was  rejected  because  most  of  the  devices  exhibited  faster  ageing 
at  the  beginning  of  the  test  period  before  settled  down  to  a  lower  rate  as  time 
progressed. 

4.4.1  Ageing  of  Single  Sided  Vacom  Scalad  Devices 


Figure  4-16  presents  the  data  for  the  12  vacuum  sealed  single  sided  SSBW 
delay  line  oscillators  for  the  first  222  days  of  the  ageing  test  period.  All  but 
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2  of  the  12  oscillators  are  within  i  11.1  ppm  of  their  starting  frequency,  and 
67%  of  them  are  within  -  6.1  ppm.  The  frequency  of  the  best  device  changed  by 
only  -0.41  ppm  during  that  period.  Projecting  these  values  to  one  year  gives 
-  19.1  ppm  for  the  10,  -  8.2  ppm  for  67%  of  the  oscillators,  and  -0.22  for  the 
best  device.  While  it  is  generally  accepted  that  -  1  ppm  is  the  state-of-the-art 
of  SAW  oscillator  ageing,  typical  studies  yield  values  in  the  range  1  to  10 
ppm/year,  with  only  the  best  devices  as  low  as  1  ppm/year  (Ref.  11).  The  results 
of  the  present  study  therefore  show  that  SSBW  devices  and  SAW  devices  age  at  very 
similar  rates. 

All  of  these  BT-cut  SSBW  devices  have  negative  temperature  coefficients, 
so  that  the  0.038*C/week  downward  drift  of  the  temperature  chamber  during  the 
first  222  days  of  the  test  would  result  in  an  increase  in  the  oscillator  frequen¬ 
cies  or  a  positive  ageing  rate  during  that  period.  Examination  of  the  ageing 
rates  (see  Table  4-2)  of  the  12  devices  shows  that  9  of  the  10  best  devices  have 
positive  rates.  Some  portion  of  that  is  undoubtedly  due  to  the  temperature 
drift.  Because  of  the  extreme  sensitivity  of  the  temperature  coefficient  to  the 
orientation  angle  of  the  substrate  (see  Fig.  2-3),  the  values  of  the  coefficients 
are  not  accurately  known,  so  that  the  data  was  not  corrected  for  the  temperature 
drift.  Even  though  the  temperature  characteristics  of  many  of  the  30  devices  in 
the  ageing  test  were  measured,  the  data  is  not  precise  enough  to  allow  the 
correction  to  be  made.  However,  there  is  no  doubt  that  the  temperature  drift 
resulted  in  an  increase  in  the  oscillator  frequencies  with  time  and  the  real 
ageing  of  these  SSBW  devices  may  actually  be  less  than  that  represented  by  the 
data  in  Fig.  4-16, 

4.4.2  Ageing  of  Double  Sided  Vacuum  Sealed  Devices 

Figure  4-17  presents  the  data  for  the  6  double  sided  vacuum  sealed  devices. 
The  package  containing  the  pair  of  devices  on  substrate  374  most  likely  had  a 
small  leak  as  the  frequency  of  both  oscillators  dropped  rapidly  with  time.  The 
remaining  5  pairs  exhibited  good  ageing  rates  over  the  course  of  the  experiment 
even  though  the  fluctuations  in  frequency  were  greater  than  those  of  the  single 
sided  devices.  This  was  most  likely  due  to  the  relaxation  of  stresses  since 
these  double  sided  devices  could  not  be  mounted  in  the  same  stress  free  manner  as 
the  single  sided  devices.  The  polyimide  mounting  of  the  substrate  and  the  solder 
bonding  of  the  leads  are  potential  sources  of  stress. 

One  pair  of  oscillators,  on  substrate  368,  showed  outstanding  ageing  charac¬ 
teristics  with  rates  of  -1.4  and  -1.8  ppm/year  for  the  individual  oscillators  and 
a  differential  rate  of  only  0.40  ppm/year.  In  4  of  the  5  pairs,  the  differential 
rate  was  less  than  the  greater  of  the  2  individual  oscillators.  This  shows  that 
pairs  of  devices  on  the  same  substrate  and  in  the  same  environment  do  tend  to 
track  one  another,  so  that  the  differential  ageing  of  such  pairs  is  less  than 
that  of  the  individual  oscillators.  This  is  important  in  the  application  of  SSBW 
oscillators  to  sensors  where  it  is  necessary  to  extract  a  difference  signal  from 
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TABLE  4-2 

SUMMARY  OF  SSBR  OSCILLATOR  AGBIHG  STUDY 


Device 

Number 

Ageing 
222nd  . 
( ppm) 

at 

day 

* 

Ageing  Rate 
(ppm/year)  ** 

Projected  Ageing 
at  1  year 
( ppm)  *** 

40  2A 

0.41 

0.47 

-  0.22 

402B 

1.42 

7.6 

4.40 

399B 

2.04 

3.84 

3.54 

Single 

403B 

- 

2.12 

15.7 

4.05 

Sided 

414 

4.14 

8.09 

7.31 

Devices 

404A 

4.58 

9.1 

8.15 

Sealed 

397A 

5.49 

2.66 

6.53 

In 

404B 

- 

6.07 

-  2.79 

-  7.79 

Vacuum 

399A 

7.35 

13.7 

12.7 

403A 

11.1 

20.3 

19.1 

405A 

- 

24.5 

-  60.2 

-  48.1 

415 

- 

38.9 

-  36.8 

-  53.3 

368A 

- 

1.36 

-  0.06 

-  1.39 

368B 

_ 

1.21 

(0.15) 

-  1.50  (1.44) 

-  1.79  (0.40) 

372A 

+ 

6.60 

18.3 

13.8 

Double 

372B 

+ 

3.65 

(2.95) 

13.7  (4.61) 

9.0  (4.75) 

Sided 

371A 

+ 

3.75 

8.21 

6.97 

Devices 

371B 

+ 

7.25 

(3.50) 

12.9  (4.70) 

12.32  (5.35) 

Sealed 

36  9A 

- 

4.97 

-  19.3 

-  12.5 

In 

369B 

+ 

0.04 

(5.01) 

-  12.0  (7.25) 

-  4.66  (7.85) 

Vacuum 

36  6A 

- 

13.8 

-  4.40 

-  15.5 

366B 

- 

1.96 

(11.8) 

13.4  (17.8) 

3.30  (18.8) 

374A 

— 

— 

— 

374B 

— 

— 

— 

Single 

394A 

- 

0.40 

-  0.65 

-  0.65 

Sided 

401A 

+ 

0.95 

2.92 

2.10 

Devices 

396A 

- 

2.27 

-  3.95 

-  10.81 

Packaged 

398A 

- 

26.0 

-  9.33 

-  36.6 

In 

40  IB 

— 

— 

— 

Oil 

394B 

— 

*  average  of  day  213  thru  day  222 
**  linear  fit  to  the  data  for  123rd  thru  222nd  days 
***  Projected  Ageing  =  Ageing  at  222nd  day  ♦  Ageing  rate*(365-222) /365 
Numbers  in  brackets  (  )  are  differential  ageing  and  differential  ageing  rates 
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pairs  of  oscillators  in  order  to  provide  the  necessary  degree  of  temperature 
compensat ion. 

4.4.3  Ageing  of  Devices  Packaged  In  Oil 

Figure  4-18  presents  the  data  for  the  6  SSBW  delay  line  oscillators  that 
were  aged  in  a  silicone  oil  environment.  The  2  worst  devices,  398A  and  401B, 
dropped  rapidly  in  frequency  during  the  first  32  weeks  of  the  test  before 
leveling  off  somewhat  at  a  rate  of  about  -60  ppm/year.  A  third  device,  398A, 
decreased  initially  at  a  rate  of  about  3  ppm/week  and  then  leveled  off  to  a  rate 
of  -0. 16ppm/week  for  an  annual  rate  of  -8.2  ppm/year.  The  remaining  3  oil  sealed 
devices  showed  excellent  ageing  characteristics,  with  +1.56,  -0.66,  and  -3.73 
ppm/year  ageing  rates.  The  ageing  of  these  3  oil  sealed  devices  is  nearly  iden¬ 
tical  with  the  3  best  ageing  vacuum  sealed  SSBW  devices.  This  is  the  most  impor¬ 
tant  result  of  the  SSBW  ageing  study.  SSBW  devices  not  only  survive  quite  well 
in  the  silicone  oil,  but  the  oil  environment  does  not  seem  to  adversely  effect 
the  ageing  rate. 


4.5  Conclusions  from  the  Ageing  Study 

The  results  of  the  ageing  test  were  successful  in  demonstrating  three  impor¬ 
tant  points  concerning  the  ageing  of  SSBW  oscillators. 

*  The  ageing  of  SSBW  oscillators  can  be  reduced  to  the  same  level  as  that 
for  SAW  oscillators,  namely  1  to  10  ppm/year. 

*  Pairs  of  devices  in  the  same  package  tend  to  track  one  another  so  that  the 
difference  ageing  of  pairs  is  less  than  that  of  the  individual  devices. 

*  The  ageing  characteristics  of  SSBW  delay  lines  in  a  silicone  oil  environ¬ 
ment  are  at  least  as  good  as  the  characteristics  of  vacuum  sealed  devices. 

This  last  point  is  critical  to  the  development  of  a  SSBW  accelerometer  since 
fluid  damping  is  a  necessity  if  the  device  is  to  be  a  useful  sensor.  The  results 
of  this  study  bring  the  SSBW  accelerometer  one  step  closer  to  reality  and  open 
the  way  to  the  development  of  other  SSBW  sensors  in  which  oil  encapsulation  can 
be  used  to  provide  damping,  temperature  stability,  or  other  desireable  features. 
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5.0  LABORATORY  SSBW  ACCELEROMETERS 

5.1  lotroduction 

A  laboratory  SSBW  accelerometer  was  designed  and  4  prototypes  were  built  and 
evaluated  in  order  to  assess  the  potential  of  such  sensors  for  further  develop¬ 
ment.  These  devices  used  a  BT-cut  quartz  cantilever  beam  with  SSBW  delay  lines 
on  either  side  of  the  beam.  The  beam  was  fluid  damped,  and  a  fluid  flow  restric¬ 
tion  was  employed  to  increase  the  damping  beyond  that  which  is  obtainable  with 
the  viscous  damping  alone.  Special  consideration  was  given  to  the  routing  of  the 
RF  signals  to  and  from  the  SSBW  transducers  so  as  to  minimize  feedthru  and 
achieve  the  best  device  characteristics  in  the  accelerometer  chassis.  An  effort 
was  also  made  to  keep  the  overall  size  of  the  prototypes  as  small  as  possible 
within  the  limitations  imposed  by  the  size  of  the  SSBW  devices,  the  RF  connectors 
used,  etc.  Section  5.2  continues  with  a  detailed  discussion  of  the  accelerometer 
design,  and  Section  5.3  presents  the  results  of  the  evaluation  of  the  prototype 
sensors . 

5.2  Accelerometer  Design  end  Fabrication 

The  design  of  a  cantilever  beam  accelerometer  is  constrained  by  trade-offs 
between  acceleration  sensitivity,  the  mechanical  resonance  frequency,  and  beam 
strength  requirements.  Being  able  to  critically  damp  the  beam  relieves  the 
resonance  frequency  constraint,  and  so  beam  strength,  or  maximum  strain  consider¬ 
ations,  set  the  limit  on  acceleration  sensitivity. 

5.2.1  Acceleration  Sensitivity  and  Strain 

A  parametric  relation  for  the  acceleration  sensitivity  was  given  in  Section 
3.1.  A  more  detailed  examination  of  the  relationship  between  acceleration  sensi¬ 
tivity  and  the  strain  in  the  beam  can  be  derived  as  follows.  Referring  to 
Fig.  5-1,  a  proof  mass  M,  with  diameter  D,  is  attached  to  the  end  of  a  BT-cut 
quartz  beam  of  length  L,  width  W,  and  thickness  T.  SSBW  delay  lines  on  both 
sides  of  the  beam  are  oriented  so  that  the  acoustic  propagation  is  in  the  direc¬ 
tion  perpendicular  to  the  X-axis  at  a  distance  Ls  from  the  root  end  of  the  beam. 
When  an  acceleration  A  is  applied  in  the  direction  shown  in  Fig.  5-1,  the  beam 
experiences  a  force  F  =•  M*A  and  a  bending  moment  M(X)  *  F*X  and  deflects  accord¬ 
ingly.  The  dominant  stress  at  the  upper  surface  of  the  beam  is  the  normal  stress 
in  the  X  direction  and  is  given  by  (Ref.  18) 

Tx(Xt)  »  6*M*A*Xt/(Wt*T2),  (5-1) 

where  Xt  denotes  the  position  of  the  SSBW  delay  line  on  the  top  surface  of  the 
beam  and  Wt  is  the  width  at  Xt  (Xb  and  Wb  for  the  lower  delay  line).  The  stress 
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on  the  bottom  of  the  beam  has  the  same  magnitude  but  is  a  compressive  stress  and 
hence  negative  in  sign.  The  associated  strain  is 

fx  =  Tx/Cx.  (5-2) 

where  Cx  is  the  appropriate  element  of  the  C  matrix  for  the  BT-cut  quartz  plate 
(Cx  =  12.6x10^  psi).  If  the  applied  acceleration  equals  the  acceleration  of 
gravity  G,  then  the  strain  is  the  atrain/C  ^d  will  be  denoted  by  Sxg. 

The  SSBW  delay  lines  on  the  top  and  bottom  of  the  beam  experience  strains  of 
opposite  signs.  When  the  signals  from  the  2  SSBW  oscillators  are  combined 
subtractively ,  the  acceleration  sensitivities  (which  are  proportional  to  the 
strains)  add,  with  the  net  acceleration  sensitivity  As  given  by 

As  =  Gx*(SxgOCb)  -  Sxg(Xxt),  (5-3) 

where  Gx  is  the  appropriate  coefficient  from  the  relationship  between  SSBW 
velocity  and  strain,  i.e., 

V(S)  =  Vo*(l  +  Gx*Sx  Gy*Sy  +  Gz*Sz 

+  Gxz*Sxz  +  Gxy*Sxy  +  Gyz*Syz).  (5-4) 

In  the  case  of  a  cantilever  beam  with  a  width  approximately  equal  to  the  length, 
Sx  is  large  compared  to  the  other  components  that  they  can  be  ignored  with  little 
error.  The  coefficients  Gx  (-1.95)  and  Gy  (1.80)  were  measured  experimentally  as 
part  of  the  predecessor  AFOSR  contract. 

If  an  accelerometer  were  to  be  designed  for  an  acceleration  range  of  i  10 

G's  with  a  maximum  strain  of  0.0005  at  the  SSBW  delay  line  position,  then  the 

acceleration  sensitivity  would  be 

As  =  (-1 .95)*[ (-50  ppm/G)  -  (50  ppm/G)]  =  195  ppm/G. 

A  strain  of  0.0005  is  conservative,  for  with  proper  chemical  polishing,  crystal¬ 
line  quartz  can  be  made  to  withstand  strains  more  than  an  order  of  magnitude 
higher  (Ref.  19).  Using  SSBW  delay  lines  with  a  frequency  of  165  MHz,  an  accel¬ 
erometer  with  195  ppm/G  sensitivity  would  have  a  frequency  sensitivity  of  32 

KHz/G.  Assuming  ±  1“C  temperature  control,  the  level  of  temperature  sensitivity 
of  BT-cut  quartz  alone  (0.03  ppm/*C^)  is  more  than  enough  to  realize  1  milli-G 
accuracy  with  such  a  device. 

An  accelerometer  designed  for  195  ppm/G  sensitivity  requires  thinner,  more 
fragile,  quartz  beams  than  were  used  in  this  work.  Acceleration  sensitivities  of 
over  50  ppm/G  can  be  obtained  with  substrates  in  the  0.02  to  0.03  inch  range, 
and,  based  upon  the  temperature  stability  of  the  individual  oscillators  (i.e., 
ignoring  any  further  temperature  compensation  obtained  from  the  double  oscillator 
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configuration),  a  design  that  produces  50  ppm/G  sensitivity  would  provide  1 
milli-G  accuracy. 

Combining  Eqns.  5-1,  5-2,  and  5-3,  an  expression  for  the  acceleration  sensi¬ 
tivity  in  terms  of  the  parameters  of  the  cantilever  beam  can  be  obtained,  i.e., 

As(ppm/G)  =  1.32*(M/T2)*(Xt/Wt  +  Xb/Wb)  (5-5) 

with  M  in  grams  and  T  in  mm.  This  equation,  together  with  the  following  relation 
for  the  mechanical  resonance  frequency,  provide  the  basis  for  the  SSBW  accel¬ 
erometer  design. 

5.2.2  Mechanical  Reaonance  Frequency 

The  lowest  mechanical  resonance  frequency  of  a  cantilever  beam  is  given  by 
(Ref.  9) 

f(Hz)  =  (l/4Tr)*y'(c*W/M)*tT/(L+R)  ]  ^ 

=  2.3xlO‘**v'(W/M)*[T/(L+R)]  ^  (5-6) 

with  C  =  Cx,  M  in  grams  and  W  in  mm.  This  relation  assumes  the  beam  to  be  of 
uniform  width,  but  is  applicable  here  with  very  little  error  if  an  average  width 
is  assumed. 

5.2.3  Accelerometer  Beam  Design 

One  goal  of  the  present  program  was  to  demonstrate  a  laboratory  prototype 
SSBW  accelerometer  (LPA)  with  1  milli-G  accuracy.  The  accuracy  of  the  SSBW 
sensor  depends  principally  upon  the  temperature  sensitivity  (medium  term  stabil¬ 
ity),  and  the  ageing  characteristics  (long  term  stability).  While  the  effective¬ 
ness  of  the  dual  oscillator  temperature  compensation  technique  has  yet  to  be 
demonstrated,  the  temperature  sensitivity  of  SSBW's  on  BT-cut  quartz  is  low 
enough  that  a  1  milli-G  design  can  still  be  obtained.  The  original  design 
generated  for  the  LPA  used  a  0.025  inch  thick  beam  that  was  13.83  mm  long  and  was 
tapered  from  12.78  mm  at  the  free  end  to  16.00  mm  at  the  fixed  end.  Figure  5-2 
illustrates  this  design  and  shows  the  positioning  of  the  SSBW  delay  lines  on  the 
beam  and  the  area  of  the  beam  which  is  bonded  to  the  supporting  structure.  This 
design  has  a  theoretical  sensitivity  of  43.4  ppm/G,  so  that  a  1  milli-G  accelera¬ 
tion  would  produce  a  frequency  change  of  (43.4  ppm/G)  *(165  MHz)*(0.001  G)  =  7.2 
Hz.  The  frequency  stability  of  the  SSBW  oscillators  is  such  that  7.2  Hz  is 
easily  resolved  over  periods  of  a  few  minutes,  so  that  the  design  was  capable  of 
resolving  1  milli-G  over  short  periods  of  time. 

Figure  5-3  is  a  plot  of  acceleration  sensitivity  versus  mechanical  resonance 
frequency  for  a  cantilever  beam  SSBW  accelerometer  with  a  mass  of  7.8  grams  and  a 
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beam  width  of  14.0  mm.  Acceleration  sensitivities  were  calculated  using  the 
actual  widths  at  the  positions  of  the  SSBW  delay  lines.  The  general  size  of  the 
quartz  beam  and  the  overall  size  of  the  LPA' s  was  dictated  to  a  large  extent  by 
the  20  and  20.4  micron  SSBW  wavelengths  and  the  resulting  8.4  mm  length  of  the 
delay  lines. 

The  SSBW  delay  lines  were  positioned  on  both  sides  of  the  beam.  Because  of 
the  difficulty  of  fabricating  low  defect  delay  lines  when  there  is  overlap 
between  the  patterns,  it  was  decided  to  use  a  pattern  in  which  there  was  no  over¬ 
lap  between  any  part  of  the  transducer  patterns.  This  is  a  conservative  approach 
and  one  which  would  most  likely  be  relaxed  in  a  future  design  in  order  to  achieve 
higher  acceleration  sensitivity.  Acceleration  sensitivity  is  proportional  to  the 
distance  between  the  centerlines  of  the  SSBW  delay  line  and  the  proof  mass,  so 
that  this  design  sacrifices  approximately  111  over  the  optimum  design.  The  sides 
of  the  quartz  beam  are  tapered  to  prevent  acoustic  reflections  from  interfering 
with  the  desired  acoustic  wave.  A  proof  mass  with  a  length  equal  to  the  width  of 
the  beam  at  the  narrow  end  and  a  diameter  of  0.25  inches  has  a  mass  of  7.8 
grams . 

The  LPA's  that  were  fabricated  deviated  somewhat  from  the  original  design. 
The  0.025  inch  thick  BT-cut  quartz  substrates  that  were  obtained  for  the  LPA's 
were  not  used,  but  thicker  0.030  inch  substrates  were  substituted  because  of 
processing  difficulties.  As  can  be  seen  in  Fig.  5-3,  this  0.005  inch  increase  in 
thickness  results  in  a  decrease  in  acceleration  sensitivity  to  30.2  ppm/G.  Also, 
the  proof  mass  used  was  made  smaller  to  provide  more  clearance  within  the  LPA 
chassis.  The  reduction  from  7.8  grams  to  6.5  grams  further  reduces  the  sensitiv¬ 
ity  to  25.2  ppm/G.  Practical  considerations  dictated  a  very  conservative 
approach  with  this  first  group  of  LPA's,  and  thus  the  sensitivity  obtained  was 
lower  than  planned.  However,  there  is  no  fundamental  reason  why  SSBW  accelerome¬ 
ters  with  50  to  100  ppm/G  sensitivity  cannot  be  made. 

5.2.4  RF  Input  and  Output  Connections 

Experience  with  testing  numerous  kinds  of  SAW  and  SSBW  devices  operating  at 
RF  frequencies  has  pointed  out  the  importance  of  making  good  RF  connections  to 
the  SSBW  transducers  if  good  IL  characteristics  are  to  be  achieved.  In  particu¬ 
lar,  it  is  important  to  keep  leads  short  and  to  make  good  ground  connections.  In 
the  present  case  where  the  substrate  is  suspended  above  the  metal  chassis,  leads 
are  necessarily  longer  than  they  might  otherwise  be.  Nonetheless,  within  the 
constraints  imposed  by  the  beam  mounting,  size  of  connectors,  and  the  proximity 
of  the  fluid  flow  restrictor,  the  lead  lengths  were  kept  as  short  as  possible. 

The  ground  connections  from  the  SSBW  transducers  were  made  directly  to  the  RF 
feedthroughs.  This  was  found  to  be  very  important.  Devices  in  which  grounds 
were  made  to  the  aluminum  chassis,  relying  on  the  metal-to-metal  contact  between 
the  chassis  threads  and  the  connector  threads,  exhibited  significantly  higher 
levels  of  RF  feedthru  and  generally  poorer  IL  characteristics. 
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The  electrical  connections  for  the  LPA,8  were  made  with  gold  ribbon  and  all 
connections  were  soldered.  As  in  the  case  with  the  double  sided  devices  fabri¬ 
cated  for  the  ageing  tests,  it  was  necessary  to  build  up  the  transducer  pads  with 
copper  and  nickel  in  order  to  be  able  to  solder  to  the  pads.  Figure  5-4  shows 
the  IL  characteristics  for  one  channel  of  LPA  #1  indicating  a  feedthru  level  63 
dB  down  and  very  clean  response  in  the  region  of  the  IL  minimum.  All  8  delay 
lines  on  the  4  LPA's  had  similar  characteristics. 

5.2.5  Assembling  the  LPA 

Figure  5-5  shows  views  of  the  assembled  LPA.  The  aluminum  accelerometer 
chassis  is  2.0  inches  in  diameter  and  0.63  inches  thick  with  a  1/8"  inch  cover. 
0-ring  seals  around  each  of  the  RF  connectors  and  between  the  cover  and  the 
chassis  are  necessary  for  retention  of  the  silicone  oil  damping  fluid.  The 
quartz  beam,  with  one  end  of  the  gold  ribbon  leads  soldered  to  the  transducer 
pads,  is  bonded  to  the  support  piece  with  epoxy  cement  using  a  special  jig 
machined  to  accurately  position  the  beam  precisely  0.008  inches  above  the  fluid 
flow  restricting  bar.  This  spacing  should  be  close  enough  to  critically  damp  the 
beam.  The  beam  is  then  mounted  into  the  chassis,  the  gold  ribbon  leads  are 
soldered  to  the  RF  connectors,  and  the  tungsten  proof  mass  epoxy  bonded  to  the 
beam.  Table  5-1  lists  the  parameters  for  the  4  LPA's. 


5.3  Bvaluation  Of  Laboratory  Aeealarometara 

The  4  LPA's  were  examined  for  vibration  response,  temperature  sensitivity, 
and  acceleration  sensitivity.  The  results  of  those  measurements  are  presented  in 
Table  5-2  and  discussed  in  the  following. 

5.3.1  Vibration  Sanaitiwity 

If  a  crystal  oscillator  is  subjected  to  harmonic  motion  at  frequency  fv, 
then  the  frequency  output  of  the  oscillator  will  be  modulated  according  to  the 
equation  (Ref.  20), 


f(T)  =  fo  +  df •co8(2nfvT) , 

where  fo  is  the  "at  rest"  frequency,  and  df  is  the  modulation  amplitude  given 

by, 


df  *  Cvs*Amax*fo, 


where  Araax  is 
a  constant  of 
this  constant 


the  maximum  value  of  the  acceleration  at  frequency  fv,  and  Cvs  is 
proportionality  known  as  the  vibration  sensitivity.  The  value  of 
depends  on  the  mechanical  configuration  of  the  oscillator  crystal. 
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TABLE  5-1 

PARAMETERS  OP  LABORATORY  PROTOTYPE  SSBW  ACCELEROMETERS 


LPA-1 

LPA-2 

LPA-3 

LPA-4 

substrate  orientation 

50*31' 

50*26' 

50*30' 

50*27 

beam  length  (L),  mm 

13.8 

13.8 

13.8 

13.8 

beam  width  (mass  end),  mm 

12.8 

12.8 

12.8 

12.8 

beam  width  (wide  end),  mm 

16.0 

16.0 

16.0 

16.0 

SSBWt  location  (Xt),  ram 

12.47 

11.10 

11.68 

11.28 

SSBWb  location  (Xb),  mm 

15.75 

14.25 

14.83 

14.35 

beam  width  ((?  SSBWt),  mm 

14.24 

14.02 

14.11 

14.05 

beam  width  (0  SSBWb),  mm 

14.75 

14.52 

14.61 

14.53 

beam  thickness  (T),  mm 

0.782 

0.767 

0.759 

0.767 

mass  (M),  gm 

6.48 

6.79 

6.35 

6.49 
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TABLE  5-2 

PERFOBMANCE  OF  LABORATORY  PROTOTYPE  SSBW  ACCELERMETERS 


LPA-1 

LPA-2 

LPA-3 

LPA-4 

Mechanical  Resonance 

Frequency,  Hz 

Calculated 

334 

323 

328 

330 

Experimentally  Measured 

342 

345 

386 

349 

Temperature 

Sensitivity  Measurements 

Delay  Line  @  Xt 

Turnover  Temperature  (*C) 
2nd  Order  Coeff  (ppm/“C^) 

68.6 

-0.018 

62.4 

-0.015 

60.1 

-0.011 

48.9 

-0.015 

Delay  Line  @  Xb 

Turnover  Temperature  (*C) 
2nd  Order  Coeff  (ppm/*C^)) 

43.5 

-0.024 

55.9 

-0.022 

66.5 

-0.019 

72.6 

-0.010 

Acceleration 

Sensitivity,  ppm/G 

Calculated 

Delay  Line  (3  Xt 

)2.26 

12.08 

12.05 

11 .71 

Delay  Line  @  Xb 

14.95 

14.98 

14.78 

14.41 

Total 

27.21 

27.06 

26.83 

26.11 

Experimentally  Measured 

Delay  Line  (3  Xt 

8.8 

9.2 

5.9 

8.3 

Delay  Line  (3  Xb 

11.2 

14.7 

10.1 

13.7 

Total 

20.0 

23.9 

16.0 

22.0 

Vibration  Sensitivity 

,  xl0®/G 

Experimentally  Measured 

5.0 

4.7 

3.8 

5.1 
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the  orientation  of  the  crystal,  and  the  acoustic  wave  mode.  In  the  present  case, 
the  value  of  Cvs  is  taken  as  a  measure  of  the  effectiveness  of  the  damping. 

The  oscillator  frequency  modulation  by  the  mechanical  vibration  results  in  a 
voltage  Output  of  the  form 

V(T)  =  Voco8(2wfoT  +  Bsin(2iifvT)  ]  , 

where  B  =  df/fv.  Expanding  V(T)  so  that  the  individual  frequency  components  can 
be  clearly  identified,  one  obtains 

V(T)  =  Vo{J0(B)cos(2irfoT) 

+  Jl(B)  [cos(2iT(fo+fv)T)-cos(2iT(fo-fv)T)  ] 

+  J2(B)[cos(2ir(fo+2fv)T)-cos(2ir(fo-2fv)T)]  +  ...} 

where  the  J's  are  Bessel  functions  of  the  first  kind.  The  output  spectrum  there¬ 
fore  contains  an  infinite  number  of  Fourier  components  on  either  side  of  the 
carrier  separated  from  the  carrier  by  fv,  2fv,  3fv,  etc.  The  ratio  of  the  output 
at  the  side  bands  to  that  at  fo  is  a  function  of  B,  hence  a  measurement  of  the 
sideband  ratio  provides  a  value  for  B,  and  therefore  for  Cvs,  the  vibration 
sens  it ivity . 

Figure  5-6  presents  2  photos  of  the  frequency  spectrum  of  LPA  #1  showing  the 
accumulated  effects  of  sweeping  the  mechanical  vibration  frequency  from  100  Hz  to 
500  Hz.  Figure  5-6a  illustrates  the  case  when  the  beam  is  damped,  and  Fig.  5-6b 
illustrates  the  undamped  case  with  a  pfominant  sideband  response  at  the  lowest 
mechanical  resonance  frequency  of  fv  =  342  Hz.  The  measurements  were  made  with 
the  peak  value  of  acceleration  fixed  at  0.5  G.  With  damping,  the  sideband  at  fv 
is  down  45  dB  from  the  output  at  the  oscillator  frequency  fo ,  so  that 
201og(Jl/J0)  =  -45,  giving  Jl/JO  =  0.0056,  and  therefore  B  =  0.011.  Thus,  with 
Amax  =  0.5  G  and  fo  =  164  MHz,  the  vibration  sensitivity  Cvs  is  5xl0“®/G. 

Similar  values  were  obtained  with  all  4  of  the  LPA's  as  indicated  in  Table  5-2. 
Since  vibration  sensitivity  of  commercially  available  crystal  oscillators  pack¬ 
aged  to  minimize  vibration  effects  is  typically  2xl0"^/G  (Ref.  20),  the  Cvs  value 
obtained  with  these  SSBW  cantilevered  beam  devices  is  considered  very  good. 

5.3.2  Teaperature  Coapengation 

The  temperature  characteristics  of  the  8  SSBW  delay  lines  on  the  4  LPA's 
were  measured  with  the  chassis  filled  with  oil.  The  turnover  temperatures  and 
the  second  order  coefficients  of  temperature  are  listed  in  Table  5-2.  As  seen  by 
the  values  presented,  the  problem  of  being  unable  to  obtain  the  same  behavior 
with  temperature  from  2  devices  on  opposite  sides  of  a  substrate  remained.  The 
temperature  characteristics  of  both  devices  on  a  substrate  were  measured  at  the 
same  time  to  eliminate  any  errors  that  might  be  due  to  the  method  of  measurement. 
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but  again,  the  results  were  very  disappointing.  Further  work  is  required  in  this 
area . 


5.3.3  Acceleration  Sengitivity 

The  theoretically  predicted  and  measured  values  of  acceleration  sensitivity 
for  the  4  LPA's  are  listed  in  Table  5-2  and  plotted  in  Figure  5-7.  Acceleration 
sensitivities  were  determined  by  measuring  the  change  in  output  frequencies  for  a 
2  G  change  in  acceleration.  The  best  device,  i.e.,  the  device  with  the  highest 
acceleration  sensitivity,  is  LPA-2.  LPA-2  has  an  acceleration  sensitivity  of 
23.9  ppra/G  and  is  within  12%  of  the  calculated  value.  LPA-2  would  require 
temperature  control  of  ±  1 "C  in  order  to  realize  1  milli-G  sensitivity  (-.022 
ppra/*c2  is  the  larger  of  the  two  2nd  order  temperature  coefficients  of  LPA-2). 

The  other  3  LPA's  fell  somewhat  further  below  the  predicted  values  for  accelera¬ 
tion  sensitivity. 

The  measured  values  of  all  of  the  LPA's  were  below  the  theoretical  values. 
This  discrepancy  is  due  to  the  fact  that  an  ideal  strain  field  assumed  in  the 
theoretical  calculations  of  acceleration  sensitivity,  and  this  strain  field  is 
not  entirely  realistic.  Uniform  strains  in  the  X  direction  (Fig.  5-1)  are 
realized  only  when  the  width  of  the  beam  is  several  times  the  length,  and  even 
then,  only  away  from  the  edges  of  the  beam.  In  the  case  of  the  LPA's,  the  width 
and  length  are  approximately  the  same,  and  the  beam  is  tapered,  introducing 
further  complications  to  the  analysis.  The  result  is  that  the  simple  analysis 
can  only  be  used  as  a  guide  and  cannot  be  expected  to  yield  precise  predictions. 

While  the  original  design  for  the  LPA's  would  have  easily  resulted  in  milli- 
G  accuracy  accelerometers  even  without  further  temperature  compensation  above 
that  of  the  BT-cut  quartz  substrates  alone,  several  modifications  in  the  design, 
all  of  which  were  conservative  on  nature,  reduced  the  acceleration  sensitivity. 
Most  of  these  changes  were  the  result  of  device  fabrication  difficulties  and  the 
desire  to  complete  and  test  working  SSBW  accelerometers  without  having  to  solve 
problems  associated  with  handling  thinner  and  more  delicate  quartz  beams. 

Smaller  and  higher  sensitivity  devices  could  now  be  fabricated  with  the  experi¬ 
ence  gained  from  building  these  first  four  LPA's. 


ACCELERATION  SENSITIVITY  VS  BEAM  PARAMETERS 
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6.0  SOMMAK?  AND  RECOMMENDATIONS  FOR  CONTIITUED  DEVELOPMENT 


The  results  of  this  program  reinforce  an  earlier  conclusion  that  the  SSBW 
mode  in  BT-cut  quartz  has  outstanding  potential  for  acoustic  sensor  development. 
Prior  work  established  that  this  mode  has  high  strain  sensitivity,  low  tempera¬ 
ture  sensitivity,  and  can  propagate  with  a  fluid  on  the  surface  without  excessive 
losses.  As  a  result  of  this  program,  it  has  been  shown  that  the  ageing  of  SSBW 
•elay  lines  in  silicone  oil  is  less  than  10  ppm/year  and  at  least  as  good  as  the 
ageing  of  similar  devices  that  were  vacuum  encapsulated.  It  was  also  shown  that 
pairs  of  devices  on  the  same  substrate  age  together,  so  that  the  difference  in 
the  ageing  is  less  than  the  ageing  of  the  individual  devices.  This  is  very 
important  result  for  the  development  of  sensors  based  upon  the  dual  oscillator 
design. 

Work  on  aspects  of  SSBW  sensors  specifically  directed  toward  the  development 
of  a  SSBW  accelerometer  showed;  1)  that  the  dual  delay  line  configuration,  in 
which  SSBW  delay  lines  were  fabricated  on  opposite  sides  of  the  same  substrate, 
is  a  viable  means  of  increasing  the  acceleration  sensitivity,  and  potentially  a 
method  of  achieving  increased  temperature  compensation;  and  2)  that  critical 
damping  of  a  cantilevered  quartz  beam  could  be  readily  achieved  using  a  silicone 
oil  damping  fluid  and  a  fluid  flow  restriction. 

Four  laboratory  prototype  SSBW  accelerometers  were  designed,  built,  and 
tested  during  the  course  of  this  program.  While  an  overly  conservative  design 
limited  the  acceleration  sensitivity  of  these  first  generation  devices  to  a  level 
that  would  just  barely  allow  the  resolution  of  1  milli-G,  the  results  achieved 
indicate  that  second  generation  devices  with  increased  sensitivities  can  readily 
be  achieved.  Vibration  testing  of  these  prototype  devices  showed  that  the 
damping  mechanism  was  quite  satisfactory  in  reducing  the  vibration  sensitivity  to 
acceptable  levels. 

The  one  area  in  which  the  goals  of  the  program  were  not  met  was  in  the  area 
of  temperature  compensation.  In  order  to  achieve  additional  temperature  compen¬ 
sation  with  the  dual  delay  line  scheme,  the  thermal  characteristics  of  the  two 
delay  lines  must  be  very  closely  matched.  While  considerable  effort  was  made  to 
control  the  fabrication  processes  so  as  to  achieve  repeatable  temperature  charac¬ 
teristics,  the  effort  was  unsuccessful.  Large  differences  remained  in  the  turn¬ 
over  temperatures  and  the  second  order  coefficients  of  temperature  between 
devices  on  the  same  substrate. 

This  experience  is  similar  to  that  of  another  research  group  attempting  to 
develop  a  sensor  based  upon  SAW  devices  (Ref.  21).  The  relationships  between  the 
details  of  the  delay  line  fabrication  and  the  resulting  temperature  characteris¬ 
tics  are  simply  not  known  with  sufficient  accuracy  at  this  point  in  time  to  allow 
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the  successful  implementation  of  the  dual  delay  line  temperature  compensation 
scheme.  This  is  an  area  that  clearly  requires  further  work.  The  strain  sensi¬ 
tivity  of  SSBW  devices  or  SAW  devices  is  not  large  enough  to  enable  the  develop¬ 
ment  of  precision  sensors  without  additional  temperature  compensation.  As  a 
result,  the  development  of  such  sensors  awaits  a  refinement  in  the  understanding 
of  the  factors  influencing  the  temperature  characteristics  of  these  devices. 

There  are  two  approaches  that  can  be  taken  in  future  work  to  solve  the 
temperature  problem.  One  is  the  development  of  sophisticated  trimming  techniques 
to  bring  the  temperature  characteristics  of  the  SSBW  delay  lines  on  either  side 
of  the  substrate  into  close  agreement.  Such  techniques  would  most  likely  be 
similar  to  the  presently  used  method  of  frequency  trimming  SAW  devices  by  reac¬ 
tive  ion  etching  of  the  quartz  substrate.  The  other  approach  is  an  intensive 
investigation  into  the  physics  of  the  temperature  characteristics  of  SSBW 
devices.  Important  areas  requiring  study  are  the  effects  of;  1)  the  kind  and 
thickness  of  the  metal  layers  that  comprise  the  transducers,  2)  variations  in  the 
preparation  of  the  substrates,  and  3)  stresses  and  stress  relaxation  in  the 
substrate  and  in  the  metal  films. 
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